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FINAL REPORT FOR 

SOLAR THERMOELECTRIC GENERATORS 


L INTRODUCTION 

This report- discusses the methods, the findings and the conclusions of a 
study for the design of a Solar Thermoelectric Generator (STG) intended for use as 
a power source for a spaceciaft orbiting the planet Mercury. The study underlying 
this report consists of essentially three separate, but related areas. First, it 
considere several state-of-the-art thermoelectric technologies in the intended 
application and selects one of them as the one most likely to satisfy the Intended 
goals of the study. Second, the study considers in detail the design of various 
STG configurations based on the thermoelectric technology selected from among 
the various technologies; the study derives a recommended STG design. Third, 
the performance characteristics of the selected STG technology and associated 
design are studied In detail as a function of the orbital characteristics of the STG 
in Mercuiy orbit and throughout the orbit of Mercury around the sun. 

In order to make the present study as complete as possible, attention 
has been paid to three separate types of STG design concepts. The first of these, 
a flat-plate type STG configuration, is the standard type of STG that is not unique 
to this study. The flat-plate type STG design configuration has been previously 
considered in connection with past programs. Such consideration has addressed 
itself to Earth orbital as well as near sun missions. Two other design concepts 
considered by the present study are relatively unique, especially as regards the 
use of STGs in space applications. One of these concepts utilizes a compact 
type STG that obtains its input heat by means of a single relatively large solar 
concentrator. The other type concept Is a combination of a flat-plate type STG 
design and the compact lype STG design that utilizes a solar concentrator. 

In this design, use is made of Individual solar concentrators for each thermopile 
comprising the STG. This particular STG design concept combines the advantages 
of both the flat-plate type and the compact type STG designs. In addition to these 


1 



I 




I... I 




I. ^ 




r ! 


ORIGINAL PAGK IS 
OP POOR QUALHY 

ihrec bosic STG design concepis, ilie present sfudy has olso conslderod in a cursory manner 
other corrcepls. One of the more interesting of these is a cylindrlcally configuraled 
STG which obtains its heat from a centrally located heal source in the form of a heat 
pipe. The heat pipe serves os a heat transfer member between a single solar concentrator 
and the hot junctions of the thermopiles. The solar concentrator is located outside of the 
envelope that defines the STG. 

Another innovative feature of the present study is the use of multithenno- I 

couple thermopiles. All previous STG studies have considered the use of thermopiles 
that consist of individual thermocouples. The present study considers the use of thermo- 
piles that consist of a sufficient number of thermocouples to provide the voltage output 
required of the STG. This enables the parallel connection of all themiopiles within 
the STG and thereby provides considerable electrical redundancy to the overall system. 

It must be mentioned that this latter design feature of the STG only applies to the 
silicon-germanium alloy technology and not to any of the other thermoelectric tech- 
nologies considered by the present study. As will be seen below, it is the silicon- 
gemianlum technology that offers the greatest number of advantages to a STG design 
For use in connection with a Mercury orbiting spacecraft. 

In order that the present report be as complete as possible, it includes the 
detailed mathematical models used in the basic design calculations for eoch type of 
STG considered by the study. The mathematical model used for the flat-plate STG 
is a modification of a model previously developed*. The mathematical models used 
for the other STG design concepts have specifically been developed on the present 
study. 

As a point of reference it should be mentioned that the STG designs 
considered by the present study are Formulated on the assumption that the STG 
is required to provide 300 watts of electrical power at a load voltage of 32 -volts 
when operating at 0.45 AU from the sun, the greatest distance attained by AAercury 
while it orbits the sun. 


* V. Roag, Energy Conversion, 8, 169 (1968), 
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1 1 . pONCCPTUAL AND MAI HI.MA1 ICAL S TG MODl-l^ 

Tin? prosoni' study lios uddressud iliiulf In drtoil to ihtuo luisic types of 
STG design concepts* Another typo of SVG design concept has been Investigated 
ir> sChK'wlmt less clolail. The thieo design concepts sonsideied in dettii! Include 
a planar flat-plalo STG design^ a compcict STG design that utilizes a single solar 
concenirolor and a distributed panci-like STG design that utilizes o sepoiate solar 
concentixilor for eoch thermopile. The STG design concept consitJcMOcI in loss 
detail includes a cylindrical STG which contains a central heat source in the form 
oF Q heat pipe. The heat pipe extends beyond the cylindrical envelope and is heated 
by moans of a solar concentmtor. Each of those basic design concepts Is amenable 
for use with practically any of the existing thermoeleclric technologies. Although 
diffeiencos exist bolwoen STGs using different technologies, these differences 
can be easily accommodated within the mathematical models developed as a part 
of the present program; such differences are taken into account by assigning dif- 
ferent thermal and electrical property values to the thermoeleclric material and by 
using appropriate values for hot and cold side structural members within the Sl’G, 

In a few cases, it has also been necessary to include or delete certain structural 
members from the STG design. The mathematical models presented In this section 
are quite general and, as such, address themselves to the mechanics of the calc- 
ulational sequence, without necessarily belaboring themselves with all of the 
slruclural flnepoints of each STG design. Such detail has been included in the 
actual calculations, whenever appropriate, 

A . Flat-Plate STG Desig n 

The flat-plate STG design concept assumes the STG to consist of a 
great number of identical cells, with each cell contoining a hot and a 
cold side heat exchanger, a thermopile, thermal Insulation and inter- 
face components used in attaching the heat exchangers to the thunno- 
plle. In this design concept, the hot and the cold side heat exchangei's 
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possess Identical areas. The flat-plale STG design concept is schematical- 
ly Illustrated In terms of a unit cell in Figure 1 . As can be seen In 
Figure 1, the thermopile only occupies a relatively small amount of the 
total volume contained in between the hot and the cold side heat ex- 
changers. Inasmuch as It is obviously desirable to minimize the amount 
of direct heat transfer between the heat exchangers f the voicf volume 
is normally filled with thermal Insulation- In the present study it is 
assumed that this thermal insulation Is of a f'brous-type;.such as one 
of the min-K series insulations. The thermopile within each unit STG 
cell consists of a monolithic structure that contains a sufficient number 
of i. (dividual thermocouples to provide the direct output voltage required 
of the STG. This pennits the parallel connection of all of the thermo- 
piles within the STG and thereby provides an extreme amount of redundancy 
for the STG . The power produced by each thermopile is normally in 
the one or two watt range. This lype of thermopile construction, although 
used for most of the parametric design studies of the present program, 
strictly applies to only the lechnology that uses silicon-germanium 
alloy thermoelectric material. If other materials are used. It becomes 
necessary to treat each thermopile as consisting of a single thermocouple. 

The reason for this is that thermoelectric technologies other than that 
based on silicon-germanium alloys do not conveniently lend themselves 
to thennopile construction of the type here described. This means that 
the single thermocouple thermopiles of technologies other than those 
using silicon-germanium alloys not only provide a relatively small power 
output,but also provide a very low output voltage. This eliminates 
the possibility of interconnecting all of the thermopiles in a parallel 
arrangement and thereby permits considerably less STG redundancy. 

The mathematical model enables both thermopile concepts to be conveniently 
included by means of the assignment of an appropriate number of thermo- 
couples per thermopile* The hot and the cold side heat exchangers 
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art3 assumed to possess on their outer surfaces special coatings. The chaiucter- 
Istlcs of the coating on the hot side heat exchanger are such that It [jossesses a 
veiy high value of absorptivity and a very low value of emissivity. The 
opposite is true of the coating on the cold side heat exchanger. In the 
former case^ a coating with the stated characteristics maximizes the amount 
of incident heat absorped by the heat exchanger and minimizes the amount 
of heat reradiated. The characterlsHcs of the coating on the cold side heat 
exchanger assure a maximum amount of heat rejection and a minimum of heat 
absorption. Although in most space applications, the absorptivity characteristics 
of a cold side heat exchanger are unimportant because usually the heat ex- 
changer faces outer space, in the present case this is not so because the 
cold side heat exchanger faces the planet Mercury during at least a portion of 
its orbit around the planet. It Is Important therefore to minimize the amount 
of heat absorbed from the planet. 

Tho lotal heat transported through the flat-plate STG, Q^, may be 
expressed by 

Qy=aWA^-a Tj^+yAT ^ , (1) 

where a is the absorptivily of the hot side heat exchanger, W is the inci- 
dent solar flux, A^ is the total surface area of the hot side heat exchanger, 
or is the Stefan-Boitzmann constant, is the emissivity of the hot side heat 
exchanger, Tj^ Is the hot junction temperature of the thermocoi,ipIes, y is the 
fractional temperature drop between the hot junction temperature and the temp- 
erature of til. hot side heat exchanger and AT is the temperature difference be- 
tween the hot and cold junctions of the thermocouples. Equation (1) represents 
the heat balance of the STG at the hot side heat exchanger. The first temi in 
the equation represents the amount of heat absorbed by the heat exchanger and 
the second term represents the amount of heat reradiated by it. The difference 
between these two tenns, of course, represents the amount of heat that must 
traverse tho STG. The heat balance at the cold side heat exchanger requires 
that the amount of heat transported through the STG be rejected by the cold 


1 - ! ! 
i: I J 


V ' 

■ ii" 






side huaf exchanger; hecouso some of the heaf is converted to electilciiy, 
energy conseis'cllon piinciples lequire that tlie power produced by the STG 



be subtracted from the total heat transported through the STG in this heat 
balance relationship. Because heat is rejected from the cold side heat 
exchanger strictly by radiation, the expression can be solved for the cold 


side heat exchanger temperature, Tj^, as follows: 

r °T-'’ 4I ? 

T ‘ T ^ 

R cr Cj^Aj^ A 


where P Is the power produced by the STG, is the emlsslvity of the cold side 
heat exchanger, Aj^ is the surface area of the cold side heat exchanger' and 
Is the temperature of the ombient Into which heat is rejected by the cold side 
heat exchanger. It should be noted that even though separate expressions are 
used in Eqs. (1) and (2) for the surface areas of the hot and cold side heat 
exchangers, in a flat-plate STG, by definition, these two areas are identical. 
This Is easily accomplished In actual use of the equations by moking use of 
Identical numerical values for the areas of both heat exchangers. The cold 
junction temperature of the themiocouples, T^, may be calculated from the 
cold side heat exchanger temperature by adding to it the temperature drop 
between these two components of the STG; 

T^= pAT , (3) 

where p Is the fractional temperature difference between the cold side heat 
exchanger temperatui'e and the thermocouple cold junctions. Equations (1), 

(2) and (3) give the STG heat balance equations at the hot and cold side heat 
exchangers in terms of incident heat, thermocouple hot and cold junction temp- 
eratures and the effective ambient In which the STG operates. In order to relate 
these two heat balance relationships, it is necessary to define an internal config- 
uration for the STG and to write an additional heat balance equation, an 
equation that pertains to the interna! components of the STG. Prior to the 





expi'ession of that heat baloncc relationship, the following config- 
urational terms are defined for the internal components 




of ihe STG in Icrms of o v«r!oly of input puuimoters. The side width of 
individual tht'fmoolements, is defined in leinis of the total cross- 
sectional area of each thermoelement^ A: 



t4) 


It is noted that Eq. (4} Implicitly assumes that each thermceiement possesses 
a square cross-section-, This assumption is mode for convenience. Other 
cross-sections could he ossumed equolly well. Inasmuch as the config- 
uration of themioelemunt cross-section does not have a great bearing on 
the results of the analyses obtained from the present mothematlcol model,, 
it suffices to use the assumption hero made. The cross-sectional area 
of inter-themioelement insulation, A^^, may be e>;pressed in terms of the 
thermoelement side width and the thickness of inter-thermoelement insula- 
tion, 




(5) 


The thermopile side width, may be expressed in leniis of the previously 
defined variables and the number of tbennocouples in the thermopile, N: 
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(6) 


Total thermopile height, Hypr 'S given by 
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where A is thermoelement length, t^jg is the thetmopile hot shoe thickness, 
tpj 25 Is the electrical insulation covering the thermopile hot shoes, t^^ 
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is ihe thermoelemenf cold shoe thickness and is the thickness of the 
Insulation covering thermopile cold shoes. The total cross-sectional area 
of the thermal insulation separotlng the individual thermopiles of the STG 
may be expressed as; 
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where M is the number of individual thermopiles within the STG. The 
temperature difference between the thermocouple hot ond cold |unctIo;is 
Is related by a heat bolance equation that pertoins to the Internal compo- 
nents of the STG. Namely, this relationship pertains to heat transfer 
within the thermoelements, the fnferthermoelement Insulation and the . 
Insulation that separates Individual thermopiles. Several of the terms 
within this relationship are dependent on the temperature difference be- 
tween the hot and the cold sides of the STG. As a consequence. In order 
to obtain an expression for the temperature difference across the thermo- 
elements, it suffices to solve the heat balance equation for AT as follows: 
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(9) 


where S is the temperature averaged Seebeck coefficient of the combined 
n- and p-type thermoelements within the STG, T^ is the thermoelement 
cold junction temperoture, w is the ratio of the load to internal electrical 
resistance, k Is the temperature averaged thermal conductivity of the com- 
bined n- and p-type thermoelements of each thermocouple, kj^ 
is the thermal conductivity of the interelement insulation within eoch 
thermopile , n is the electrical circuit redundancy of eoch 
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tilfcrmoplle, Is ihe load vol'ojc of llie SlG, ond thr iS cmial I'on- 
ducMvity of ihe Interfhemiopile insuUnIon. Tlie load voltage of the STG 
is calculated by means of the following equation: 


p - -NSA T 

n(H"iT 


The electrlcol power delivered to the load of the STG Is calculated os follows: 


where p is the temperature averaged electrical resistivity of the combined 
n- and p-type thermoelements within each fheimoplle and Rj; is on extra- 
neous electrical resistance multiplier that accounts for extraneous electrical 
resistance within the STG, Finally, the thermocouple hot junction temp- 
erature is obtained by adding the temperature difference across the thenno- 
elements to their cold junction temperature as follows: 


Tr-Tc+AT . 


Equations (1) to (12) complete the peiformonca equations of a Flat- 
Plote STG, An inspection of these equations shows that STG performance 
con only be evaluated iterotively because a number of the equations depend 
on parameters that are not evaluated until a particular equation containing 
such parameters has already been u^ed. For example, it is noted tliat 
Eq. (1) contains thermocouple hot junction temperature and the temperatuie 
difference across the thermocouple. And yet, at the beginning of the 
calculational sequence, it is not known what these lemperolures ore because 
they are only caiculoted subsequently be means of equations (9) and (12). 
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Therefore/ oi* Hie start of the coiculation/ it is necessary to assume arbitrary 
values for these parameters. Once these parameters have been/ in fact/ calc 
ulated by means of Eqs. (9) and (12)/ they are then inserted In Eq. (1) at 
the start of the second approximation calculation. The same observation 
may be made about other parameters such as power and load voltage 
produced by the STG, In the beginning of the calculation/ all geometric 
terms pertaining to the STG, including the number of thermocouples in 
a thermopile and the number of thermopiles within the STG are assigned 
numerical values. This is also true of the electrical redundancy and the 
ratio of load to internal electrical resistance. Arbitrary/ albeit typical 
values are assumed for the thermoelectric properties because initially STG 
femperatues are not known and thermoelectric properties are typically 
temperature dependent functions. As the calculation proceeds and temp- 
eratures are calculated/ these temperatures are then used at the start of 
each iteration to define appropriate values of the thermoelectric properties. 
For any assumed STG design. It Is normally observed that as many as 10 to 
20 iterations are required between Eqs. (1) to (12) before convergence 
obtains within practical criteria such as convergence of any desired parameter 
within one percent or less. 

Inasmuch as STG geometry is an input parameter ond inasmuch as 
Eqs. (1) to (12) enable the calculation of the performance and tempera- 
tures of that particular STG configuration, it is necessary to Input a v/ide 
variety of different STG configurations in order that an optimum STG design 
may be determined. The parameters typically varied in such an optimiza- 
tion procedure include thermoelement geometry, the number of thermo- 
couples, the number of thermopiles, electrical redundancy and the ratio 
of load to internal electrical resistance. Moreover, Inasmuch as a solar 
thermoelectric generator receives its heat directly from the sun and inasmuch 
as input heat therefore does not present an economic factor, it is common 


to opiimizG a STG design for minimum weigh! ot any desired distance from 
the sun. In order that a weight oplimlzalion be |30ssible, it Is necessary 
to tianslote eoch assumed STG configuration into a corresponding weight. 
Thf- optimization is then performed In temis of the so-called specific power 
which is simply the quotient of the power produced by the STG and Its 
total weight. It is therefore necessaiy to define weight relationships 
for the various components of the STG In terms of its ossumed geometry. 

Prior to this being done;, however, a few' additional relationships will be 
defined in order that the STG may be scaled for any desired voltage and 
power output. This Is necessaiy because normally a STG powers a load 
with very specific voltage and power requirements. An inspection of 
Eqs. 0) to (12), however, shows that load voltage and power output are 
not input parameters, but are rather calculated quantities. It is therefore 
veiy likely that the values calculated for these quantities for any assumed 
STG configuration are not those that are required of a given application- 
The calculated load voltage and power output of the STG arc used In cgn- 
junction w'ith the required load voltage, and required power output, 

Pjj, along w'ith the assumed number of thermocouples and thermopiles within 
the STG to determine a necessary number of thermocouples within each 
thermopile, and the necessary number of thermopiles within the STG, 

Mq, in order that the STG produce the required voltage and power. The 
following equations accomplish this: 
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\Vlu>n numhoi' of iht'tmocouplos witiun tmch llunwopilt' and tho nutnljor 
of iht'nnopiles wltldn iho STG mo modjfiod, il will also Uo m?oo^suiy to 
modify ttm ovt'ioll Mufoeo m't'o of iho STG in ovdtM' that tho ba&lo hout 
balonco of |Ih> STG not be upset * This is simply ticeomplisbed by inoieus* 
iny the bot and cold side boat oHcbonyei aieos by means of tbe following 
lolationsbip! 
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equations (IS) to (1^1) upscalt? tbe assumed STG eonfiguiation to 
yield any do&'ued voltage and power output. It is now op{Mot^l'iate to deter- 
mine tbe weight of tbe STG ond consequently its speGlfio power. As 
already stated^ variation of STG eonfigurallon will then enable tbe op- 
timi-satlon of its specific power for any distance from tbe sun; tbe distance 
from tbe sun ts introduced into tbe calculation, of course, by means of tbe 
solar constant, W. The lota! weight of the tbeimopiles, Wyp, is calc- 
ulated by means of the following itjletionsbip; 


W M 
TP D 
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where density of tbe tbenuc'couple bot shoes, 6, is tbe density 

of tbe electrical insulation separating thermocouple bot and cold shoes 
frottr tbe bot and cold side beat eMcbangor-s, is the density of tbe 
ibennocouple cold shoes, is tbe density of tbe thermoelectric material 
ond 6 is the density of the inteiek'ment insulation. Tbe weight of tbe 
ibermul insulation sepoioting tbe individual tbeimopiles tnviy be cNpix'ssed os; 




wimi'G 6^ Is llie density of the theiwal insuiallon. The weight of the hot 
side h<}at exchanger is given by the following expression; 


^CD^C^C " 


where 6^ is the density of the hot side heal exchanger and is the thick- 
ness of the hoi side heat exchanger. The weight of the cold side heat 
exchanger is calculated by means of the relationship: 




where 6n and are the density and thickness of the cold side heat exchanger. 
K K 

The total weight of the STG is obtained by summing the various weight 
terms and including an extra term^ that accounts for any additional 
weight not included in the other weight terms. The total STG weight, 

Wy, may thus be written as: 


W^.g+W5+W^-l-W|^-tW|j . 


Finally, the specific |iowor of the STG, P^, is defined as; 


p a ^ 

'S W, 


As already stated, It is the specific power that normally Is the pciometer 
that is optimized in a STG design. 


Com pad' ST G Design W ith Single C oncenliolor 


Tlie compad' STG design conoepl- ossuines the STG to consist of 
a solar concentrator/ a compact ilieimoelectiic generator that is 
sunoundeci by tbennal insulation and a radiator for beat re(ection. 

The tliermoelectrlc generator consists of individuol thermopiles arioyed 
in such a way that a! I of the thermopiles are od]acent to each other/ 
with no separation between them. A single solar concentrator 
heats the hot sides of all of the themiopiles concurrently. The 
themiopiles that make up the thermoelectric generator are attached 
to the center of the radiator which normally extends considerably 
beyond the outer limits of the generator. The thermal insulation 
that surrounds the thermoelectric generator minimizes direct heat 
transfer between the solar concentrator and the radiator and also mini- 
mizes the omount of direct heat input into the back side of the 
radiator fiom the sun. As with the flal-plato type STG, the front 
side of the radiator of the compact type STG must possess o coating 
that enhances heat refection by means of radiation and also minimizes 
the amount of heat that enters from a high rodiotion heat sink/ 
such as the sun side of the planet Mercuiy. The solar concentrator 
must possess high reflectivity. The hot face of the thermoelectric 
generaior may or may not' possess a high absorptivity coating. 

Inasmuch as the surface area of the thermoelectric generator is generally 
considerably smaller than the total aspect of the solar concentrator/ 
the reradiation of heat from the hot face of the generator is not 
especially Important in this design concept. For this reason/ considerabi 
latitude exists In ihe emisslvily/absorptivily characteristics of the 
hot face of the thermoelectric generator. It Is important/ howevoiv 
to minimize the reflectivity of that surface In order to eliminate the 
reflection of the concentrated solar flux from the generator. The type 
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oF solar concenliotor used wiih ihc compucV STG is subjecl lo considorablo 
latitude. Tbe present study has considered three basic types of con- 
centrator. The first is a liough-like concentrator that possesses tapered 
and slanting sides and has a square or rectangular cross-section. The 
second type of concentrator considered is a truncated cone. The thiixl 
type of concentrator considered on the present study is a parabolic con- 
centrator. Although all of these different types of concentrators have 
been considered, for convenience, most of the parametric analyses 
conducted for the compact STG design have utilized the truncated cone 
type concentrator. In addition to the solar concentrators, the present 
study has also in a cui-sor>' manner addressed Itself to the use of a Fresnel 
lense. It must be emphasized that a number of possibilities obviously 
exist for the typo of solar concentiotor used In coniunction with the STG 
and that the present study has not considered the advantages or disadvantages 
of each type; the selection of a truncated cone type concentrator for the 
bulk of the studies conducted on the present pragram Is more a matter 
of convenience than the result of exhaustive investigation of solar con- 
centrators, It is envisioned that prior to the selection of any one type 
of concentrator for on actual STG, considerable further studies willhave 
to be performed in terms of concentrator effectiveness, its weight and the 
amenability of its use In a space application. The thermal Insulation 
assumed to surround the thermoelectric generator is a fibrous irrsulation 
of the type also assumed for the flat-plate type STG, namely an insulation 
of the Min-K series. The compact STG design concept is schematically 
illustroted in Figure 2. 

The number of thermocouples, N, needed In the STG in oitJer to 
produce a load voltage of is given by: 

nO-tm)E, 
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( 22 ) 
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IV Is tioled In l:q. (22) dial Ihc iwmppiolui c dlfreu-nce across ihc Ihetmo- 
olements within each thermopile is an input quantity In the determlnotlon 
of the number of thcimocouples. The ratio of thennoelement length to 
cross-sectional area is calculated as follows: 


^ nEj^SATM 


(23) 


In this relationships the power output of the STG Is Input as an independent 
pai-ometeiv as Is the number of thermopiles comprising the generator. 

Por any assumed length of the theimoelements, Eq. (23) enables the calc- 
ulation of thennoelement cross-sectional area, A. A number of the other 
geometric parameters of the tnterelement insulation within each thermo- 
pile and the thermopiles themselves have already been expressed In connection 
with the preceeding section on the Flat-Plate STG concept. These geo- 
metric parameters are subsequently used in the heat balance equations and 
the weight calculations of a compact STG. The electrical current flowing 
through the load may be expressed as: 



The value of the load current is used In some of the following heat calc- 
ulations. First, the heat conducted through the STG, Including the theimo- 
olements and the Interolement insulation, Qj^, Is calculated os follows: 

Qk^-M AI<h 2A|^I<I2 AT . (25) 

* 

The shunt heat, Q^, conducted through the thermal insulation surrounding 
the themioeicc.tiTc generator within the STG Is calculated by means of the 
following relationship; 
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A 


(26) 


where is the width of the thermal insulation and Sq is the side v/idth 
of the thermoelectric generator. The side width of the thermoelectric 
generator is calculated from a knov/ledge of the total number of thermo- 
piles within the generator and the side v/idth of each thermopile by means 
of the relationship: 


1 



The amount of heat absorbed at the hot junctions of the thermocouples 


by means of the Peltier effect/Qp, Is expressed os follows: 


Qp= 


NIlST„ 


(28) 


The Joule heat, Qj, generated within the thermocouples is taken into 
account by assuming that one-half of it flows to the thermocouple hot 
junctions: 



2m 


(29) 


A combination of the various heat terms yields the total heat required 
to be input to the STG. This may be express as; 


Q =Q^+Q,+Q„-Q, 


(3o; 



I|- was noied above that' the calcuIoHon is perrormed by assuming a value 
of tempera lure difference across the thermoelements within the STG. 

An inspection of Eq, (2S) indicates that the hot ] unction temperature of 
the thermoelements Is also on assumed input variable. Using these tv/o 
quantities it Is now possible to define the temperature of the radiator which 
rejects waste heat from the STG; 

T,^- ATO+P) . (31) 


Using the thus detemrined radiator temperature along with the total heat 
required of the STG and its power output, the cross-sectional area of the 
radiator is immediately obtained by means of the relationship: 



ae 



(32) 


If it is assumed that the radiator possesses a square cross-section, the side 
width of the radiator is simply the square root of the radiator area; 



(33) 


The effective cross-sectional area of the solar concentrator in the plane 
perpendicular to the solar flux, A^, may be written as: 



Qt+o5qAq 




w 


(34) 


where is the emissiviiy of the top surface of the themioelectric generator 
and Aq is tlie total cross-sectional area of the themioelectric generator. 


20 








Assuming the generator to also possess a square cross-section, the latter 
quantity may be expressed as: 




Assuming the solar concentrator to be of the form of o truncated cone, 
its large diameter, D^, may be expressed as: 


D =2 
C TT 


^cs 


where is the ratio of the small diameter to the big diameter of the 


: 2 [^c"’^cs] ® ' 


where the angle 0 pertains to the angle that the sides of the concentiator 
make with respect to the plane of the thermoelectric generator. 




The above equations essentially characterize the determination of an 
overall STG configuration for required performance. Using this config- 
uration, it is nov/ possible to calculate the weight of the STG. However, 
before this is done, it is necessary to establish a few more configurational 
terms for the solar concentrator. These teims do not pertain to STG 
performance but rather enable the determination of concentrator weight 
and thereby also the total v/eight of the STG. The small diameter of 
the solar concentrator, expressed as; 


concentrator cone. The height of the solar concentrator, is given by 
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The sve^gI^^ of the solar concentrator;^ calculated by means of 

the following relationship/. 


[v °cs]l:«c«c ' 


where is the thickness of the concentrator and 6^ is the density 
of the material used for the concentrator. The weight of the thermo- 
electric generator, is Identical to the total weight of the thermo- 

piles, W.j.p, os given by Eq. (16) if and Np are replaced by M and 
Assuming that the thickness of the thermal insulation, is identical 
to the height of each thermopile, H^p, as given by Eq. (7), to total 
weight of the thermal insulation, may be expressed as; 

(“dt] ^TP 


where 6^ is the density of the thermal insulation- The v/eight of the 
radiator is given by the expression: 




where represents the thickness of the outer periphery of the rodiator 
and represents the thickness of the radiator immediately underneath 
the thermoelectric generator. It is noted that Eq. (41) implies a tapered 
radiator v/hich possesses different thicknesses in different locations; 
this assumption enables an approximate weight optimization of the 
radiator. The total weight of the STG, W^, is obtained through the 
summation of the individual weight terms given above: 


r 




V 1 • 







W^= Wq+Wj^+W^+Wj,+W^ 


( 42 ) 


where represents an extraneous v,'eight that accounts for components 
and structural members not included within the above calculations of 
individual components weights. The specific power, of the STG 
, Is defined as: . 



( 43 ) 


C, Multi-Concentrator Distributed STG Design 

The third STG design concept combines some of the features of 
each of the other two designs, the flat-plate STG design and the compact 
STG design; In this design concept, the thermopiles are distributed 
across the face of the radiator much as they are In the flat-plate STG 
design. On the other hand, rather than using flot solar collectors 
as they do in the fiat-plate STG design, each thermopile In the third 
STG design concept utilizes an Individual solar concentrator. The 
advantage of this design concept is that the single, relatively large 
solar concentrator Is reduced to a great number of smoli concentrators 
and therefore the STG assumes an overall panel-like configuration. 

At the same time, however. It retains all of the advantages ossociated with 
a STG design based on the use of a solar concentrator. The main advantage 
of a solar concentrator is that the reradiatlon orea of the hot face of the 
STG is essentially reduced to the combined area of all of the thermo- 
piles rather than the total area of the STG facing the sun, as It is in the 
flat-plat STG design. The reduction of the reradiation area enables a 
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significant decrease in the total cross-sectional area of the STG and 
therefore results in a more compact and a lighter weight system. It 
is especially the last consideration that is important because It is v/eight 
that is the primary optimization criterion in the design of components 
intended for use on spacecraft. 

The mathematical model to be used In conjunction with the distributed 
type STG design that uses a large number of Individual solar concentrators 
is essentially identical to that of the compact STG design discussed 
in Part B of this section. In fact, exactly the same model can be used 
if the number of thermopiles, M, is set to unity and if the power output, 

P, is divided by the number of thermopiles that it is intended to use 
in the total STG, The latter number can be selected randomly in such 
a way that the power produced by each thermopile is set at some reasonable 
value or it can be determined through an optimization of the specific 
power of the STG in terms of the number of thermopiles contained by it. 

The use of the previously defined mathematical model thereby enables the 
optimization of a unit cell or distributed type STG that uses a great 
number of individual solar concentrators. The overoll STG design is 
determined by using the required number of such cells to provide the 
desired total output power of the STG, This STG design is schematically 
illustrated in Figure 3. 
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Figure 3 
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III. THERMOELLCTkIC UCH NQ LQGY SLLKC lIQN 

A number of differenl iheimoclcctilc Icchnoloyies exist and arc cuiiently 
in use In various theiinoeleciric energy jonveision opplicaiions. Piobably tlie 
tliree. most common of such technologies Involve ihe use of either bismuth lelluride, 
lead lelluride or silicon-germanium alloys. A fourth technology, that based on 
cop(3er and gadolinium selenidc. Is presently in development and should be avail- 
able for practical use within the foreseeable future. Each of these thermoelectric 
technologies Is characterized by a range of operating temperatures under which 
the material can be considered useable. Considerable differences exist in the 
temperature ranges of useobility of these molerials. For example, bismuth tel- 
luride is useful at temperatures around room temperature and up to some 300°C . 

Lead lelluride con bo used from room temperature up to about 500°C If it is not 
hermetically sealed In order to prevent molerial toss by sublimation/ if sealed, 
the material may bo used up to about 600°C . Silicon-germanium alloys ore useful 
from room temperature up to 1000°C. Although the solenldcs ore not useable 
os at high temperature as arc sllicon-gcimaniuni alloys, they do exhibit an Inherently 
higher capability of converting heat to olectricily , i.e. they are inherently more 
efficient than the silicon-germanium alloys. 

The conversion efficiency of a thermoelectric material can be approx- 
imately expressed by: 


TJ = ;| Z at , 

where Z is a C|uantlty known as the figure-of-merlt that solely depends on basic 
material characteristics, and AT is the temperature difference across which the 
materia! is operated. The most widely used tiiermoelectrlc materials arc depicted 
in Figure 4 in terms of their figures-of-nierlt as a function of temperature. It 
is nolcd in Figure 4 thot bismuth telluridc possesses the highest figure-of-nierit 
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of any of iho commonly used ihermooloclrlc malerials. Inasmuch as Us useful 
temperaiure range, however, is relalively small, an inspeclion of rq.(44) indicotes 
ihat ihe conversion efficiency ovailable with this maleiial is only of the order of 
four to five percent’, and even this only if the cold side of the maierlol is operated 
essentially at room temperature. As will be apparent below, in a space system, 
whld’> is normally optimized for minimum weight, it is impractical to operate a 
thermoelectric system with its cold side much below 300 to 400°C . For this reason 
it is concluded immediately that bismuth tellurido is not a viable candidate for 
use in a STG. Essentially the same conclusion can be drawn In regard to lead 
telluride. Even though the material is capable of higher temperature operation 
than is bismuth telluride. Its useful range of operating temperatures in a STG 
spans only some 200 to 300°C. Even though this range of operating temperatures 
enables the obtainment of conversion efficiencies approximately comparable to 
those possible with the best bismuth telluride systems, this can only be accomplished 
by maintaining the cold side tcmperalure at relalively low values. At those cold 
side temperature values, the overall system weight is not comparable to that pos- 
sible with the remaining two thermoelectric materials, namely the sclenides and 
silicon-gennanium alloys. For this reason lead telluride can also be rejected 
as a possible candidate for use in STGs. 

Having rejected bismuth bismuth tellurido and lead telluride as non- 
competitive in a STG application, it remains to consider the two other thermo- 
electric materials, namely the selenides and the silicon -germanium alloys. Inasmuc 
as both of these materials are capable of fairly high temperature operation, it Is 
necessoi’y to consider both materials in some detail prior to the selection of one 
as the materlul on which to base the remainder of the study. As already noted, 
silicon-gennanium alloys are capable of operation up to temperatures of 1000°C. 

The selenides are normally considered to be capable of operation up to about 800°C, 
although efforts ore being mode to use this material at tempetaluies up to 
900°C. If possible, this con only bo done by using sublimation inhibition coplings 
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on the material . Even though the use of the scIenJdes at 900°C is questionable, 
the present consideration of thermoelectric materials does include that temperature, 
as well as the temperature of 800°C, as possible hot side temperatures of STGs 
based on selenides- For comparison, silicon-germanium alloys are con- 
sidered at both of these temperatures, as well as at the temperature of 1000°C. 

It should be noted that the operation of silicon-germanium alloys at lOOO^C has 
been repeatedly proven in practice and therefore no question exists os to the use- 
ablllty of silicon-germanium alloys at all of the hot side operating temperatures 
considered In this study. 

Using simplified STG design concepts, parametric performance and 
weight analyses were conducted on STGs based on sillcon-geiTnanium alloys and 
the selenides* These analyses were performed for a STG operating distance of 
0-45 AU from the sun because It is this distance that represents the worst-case 
operating environment for the STG in the contemplated Mercury orbiter mission. 

The simplified design concepts are essentially based on a STG that uses a solar 
concentrator, such as the STG represented by the mathematical model in Section 
II B. The simplified model assumes a solar concentrator, a thermoelectric con- 
verter, surrounding thermal insulation and a radiator. Extraneous structural 
members were not Included in this preliminary comparative analysis because the 
intent of the analysis is only to select a thermoelectric technology which will 
then be subjected to detailed analyses which consider all structural members in 
detail. It was assumed for the purposes of the preliminary analysis that STGs •' 
using both technologies must be capable of producing 300 v/atts of electrical 
power at a load voltage of 32 volts when operating at 0.45 AU from the sun. 

For convenience of analysis, it was assumed that neither system experiences elec- 
trical losses; this assumption tends to penalize the silicon-germanium alloy system 
because it is this system that generally exhibits lower electrical losses. It should 
also be noted that the neglect of structural members from the weight analysis also 
penalizes the silicon-germanium alloy system because unlike the selenides, in 
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a STG application;, si'licon-gemianium alloy ihermopiles act os llieh own structural 
members without the need for extraneous supporting components. The srlentde 
system; on the other hand, requires fairly elaborate extraneous structural support 
because the selenides cannot be mateallurgically bonded and are normally used 
in conjunction with springs and various retainers. The simplified analysis, therefore, 
is interesting from tire standpoint of sliowning the relative merits of the two tech- 
nologies, with a heavy bias towards the selenides. If, in fact, the silicon-gennanium 
alloy STG concept proves more advantageous under these conditions, then there 
is absolutely no question as to its superiority because in actual practice the superiority 
will be considerably greater than here illustrated. This Is especially true in view 
of the far superior mechanical characteristics of silicon-germanium alloys and 
their insensitivity to operating environment and fabrication techniques. This latter 
factor of course lends itself towards enhanced system reliability. The results of 
the aforementioned parametric analyses on the two types of STG ore illustrated in 
Figure 5 In terms of specific power as a function of STG cold side operating temp- 
erature for various values of hot side operating temperature. Figure 5 shows the 
results for both the silicon-germanium alloy as well os the selenlde STG. The 
specific power has been normalized to TOO percent for the maximum value found 
throughout the analysts because actual specific power values are somewhat mean- 
ingless in view of the simplifying assumptions. It is noted In Figure 5 that the 
analyses for the silicon-germanium alloy STG have been performed at the three 
hot side operating temperatures of 800, 900 and 1000°C. The analyses for the 
selenlde STG have been performed at 800 and 900°C. For each hot side operating 
teniperaturc for both technologies, the specific power optimizes for a definite 
cold side operating temperature in the range of about 300 to 450°C. For the 
some hot side operating temperature, it is noted that the specific power of the 
silicon-germanium alloy STG optimizes at a higher cold side temperature than it 
does for the selenlde STG. Similarly, It is noted that at identical hot side operating 
temperatures, the sHicon-getmanium alloy STG Invariably results in higher optimum 



speclffc power. This is primarily clue 1o the fact that tlie thermoelectric generator 
of the silicon-germanium alloy STG is significantly lower in weight thon the sele- 
nide generator; the densities of silicon-germanium alloys and the selenides differ 
by more than a factor of two. In fact^ even though the selenides exhibit a higher 
figure-of-merit and hence conversion efficiency, the consequent reduction in 
radiator and concentrator weights are more than compensated by the increosed 
thermoelectric generator weight. If attention Is nov.' drawn to the fact that the 
silicon-germanium alloy STG is capable of operation at a hot side temperature 
of 1000°C, it is obvious that the optimum specific power attainable with a silicon- 
germanium alloy STG is far in excess of that obtainable with a selenide STG, 
especially if it is remembered that the results of the analysis depicted in Figure 5 
are somewhat biased towards the selenides. It is of interest, and possibly some- 
what surprising, that even at the same hot side operating temperature the results 
indicate the superiority of the silicon-germonium alloy STG. 

In view of the above findings and the fact that silicon-germanium alloys 
have been repeatedly proven in actual practice at operating temperatures os high 
as 1000°C, it is obvious that a STG intended for use in a space mission should 
be based on silicon-germanium alleys and not on the selenides or any other currently 
available thermoelectric technology. For this reason, all subsequent analyses 
performed in detail on the present study pertain strictly to the use of silicon- 
germanium alloys In STGs. Silicon-germanium alloy technology is not only superior 
to any other thermoelectric technology when used in a STG, but it Is fully developed 
and therefore a STG based on if may be essentially considered as state-of-the-art; 
no basic development effort is necessary, as it would be with the selenides, If 
it is decided to use such a STG in space. 


■j-;: 


■ ■■■■ 


- - 4 . .. 



1 


1 


■ \ 



1 j 

f 4 

; ; . i 






1 . 

k'-- - 


V .1 


t_..' 






ORIGINAL PAGE IS 

IV. SI Lie ON -GERMANIUM ALLOY STG DESIGN ANALYS^f QUALmU 

In the preceding section it was concluded that the state-of-the-art 
thermoelectric technology that offers the greatest potential of a high reliability 
and low weight STG is that based on the use of silicon-germanium alloys. As o 
result of this conclusion;, the bulk of all design analyses performed on the present 
program have been restricted to the silicon-germanium alloy thermoelectric tech- 
nology. Inasmuch as even within the silicon-germanium technology, different 
state-of-the-art approaches exist, it was further necessary to decide which of these 
would be most applicable for use in a STG. The two main approaches Involved the 
so-called Air-Vac technology in which silicon-germanium alloy thermocouples 
are fairly bulky and are used singly. This means that a large number of such 
thermocouples are required in a system that is intended to provide fairly substantial 
amount of power at a load voltage typically required in space applications. The 
other approach uses multi-thermocouple thermopiles which are monolithic units 
and contain a large number of silicon-germanium alloy thermocouples that possess 
extreme geometrical configurations; each thermocouple possesses an extremely 
small cross-sectional area, while its height is comparable to that used for Air-Vac 
type thermocouples. Even though each thermopile of this latter approach provides 
fairly small values of power output, in fact, values comparable to those produced 
by each Air-Vac thermocouple, the load voltage produced is that required of the 
spacecraft. This means that all of the thermopiles of the letter type can be connected 
in a parallel arrangement, thereby providing extreme electrical redundancy v/tthin 
the STG. Moreover, the thermopiles of the latter approach being monolithic 
units, are totally encased within an electrical insulator. This means that the 
possibility of electrical shorting between thermopiles is practically impossible 
and, morover, the sublimation of the thermoelectric material that is sometimes ex- 
perienced in high temperature operation Is practically totally eliminated. Based 
on these considerations, it is fairly obvious that the second mentioned design approach 
for silicon-germanium technology is more advantageous and is therefore the 
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preferred design oppioach; namely, fliaf in v.’tiich each thermopile contains a great 
number of individuol thermocouples. All detailed design analyses on the present 
program have therefore been performed with thermopiles of that type, it should 
be mentioned, that thermopiles of this type have previously been extensively used 
in a variety of thermoelectric applications, most noteably in radioisotope thermo- 
electric generators . As a consequence, considerable practical experience exists 
with thermopiles of this type and it may be considered that the use of such thermo- 
piles in a STG does not require any technology development. 

The object of the present study Is the design of a STG for use on a 
spacecraft in a Mercury orbiter mission. It is envisioned that the spacecraft is 
launched from Earth to Mercury and placed In a near circular orbit around Mercury 
in the plane of the orbit of Mercury around the sun. The orbit of the spacecraft 
around Mercury is assumed to have a period of 90 minutes, with the spacecraft 
at an altitude of 105 kilometers above the surface of the planet. Being in that 
type of an orbit, the spacecraft therefore will experience direct sunlight during 
one half of each of Its orbits and v/lll be shielded from the sun by the planet during 
the other half of each orbit. While the spacecraft is within direct sunlight, the 
STG will be facing the sun on its one side and wTlI be foclng the relatively hot 
surface of the planet on its other side. While the spacecraft is eclipsed by the 
planet, one side of the STG faces the planet, while the other side faces outer 
space; Inasmuch as the back side of the planet Mercury is very cold in comparison 
to the side facing the sun, for calcuiational convenience. It may be assumed that 
both sides of the STG ore facing a heat sink representative of outer space. In view 
of these considerations, it Is apparent that during each of its orbits around Mercury, 
the STG is subjected to a variety of thermal conditions. Moreover, inasmuch as 
the orbit of Mercury around the sun Is quite eccentric, vo;ying between 0.30 and 0.45 AU 
from the sun, the variability of the thermal conditions imposed upon the spacecraft 
and the STG is even more extreme. Design analyses of STG performance must 
therefore address themselves to eocli of these conditions in order that the selected 
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design satisfy peiToitncnco requiiervients under oil conceivable 5TG operating con'* 
d I lions* 

Mosf of ibe fx:rameli ic design siudit s conducted on ^he pie^senl program 
bnvo assumed steady state operating conditions foi the STG at distances of 0.30 
to 0*45 AU from the sun. The results of H,ese analyses have enabled llu? selection 
of a recommended STG design* This design has then been subjected to the dynamic 
conditions envisioned not only during each orbit of A'V^rcury^ but also for the orbital 
period of Meicury around the sun* The results of the steady state parametric 
design analyses ore discussed In tl’iis section; the d)riamic pt rfoimonco of a selected 
STG design arc discussed In a subsequent section. All studies hove been bosed on 
the assumption that tlie STG must be capable of producing 300 wotts of electrical 
power' at a load vollage of 32 volts, inasmuch as efficiency Is of no Importance 
to a STG/ incident solar heat does not represent any economic considera tIonS/ 
all design analyses of the present study have been cptimljed with resp'ect to total 
STG weight; it Is obviously impoilant for the STG to possess us low a weight os 
possible. 

Power source designs oic generally evolved for the worst-case operating 
conditions envisloi'iod for tlie life of the power source* This Is true of STGs as 
well os other types of power sources. Altliough during Its total mission to iMercury/ 
t!ie worst-case operating conditions of the STG may be considered the transit 
period from Earth to Mercury becouse of tlie great distances from the sun, the present 
study considers the worst-case to be the operation cf the STG at □ distance of 
0.45 AU from the sun. This is the farthest distance attained by AVrcuiy^ from t!)o 
sun ond therefore during the oibital period of AUMCury, the STG may be considered 
to produce less power at that drstonce from the sun than during other portions of 
ih mission. The STG design evolved from the present study, thetcfoie, has been 
optimixed for operating at 0.45 AU from the sun. For completeness, however, 
the study has also addussed Itself to alt other distances between 0,30 and 0.45 AU 
fiom the sun. Moreover, for selected designs, the study has also considered tho 
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performance of fhe STG at oil o'istances between 0.30 and 1 .0 AU from the sun; 
the latter distance/ of course/ represents the distance of the Carth from the sun. 

In the parametric STG design studies/ It is assumed ibat all surfaces 
exposed to the incident solar flux, except the surface of the concentrator, possess 
absorptivity values of 0.85 and emisstvity values of 0.1 0. This applies to the 
solar collectors used in the flat-plate STG design os well as to the surface of the 
thermopiles in both the compact type and the distributed solar concentrator STG 
designs. The surface of the concentrator is assumed to possess perfect reflectivity. 

All surfaces of the STG facing away from the sun are assumed to possess emissivify 
values of 0.85 and absorptivity values of 0.10. In particular, these values are 
assigned to the radiator of each STG design. 

As mentioned in the Introduction and discussed in some detail in Secion II, 
the present study on the use of a STG in a Mercury orbital mission addresses itself 
primarily to three separate STG designs. These designs Include o flat-plate type 
STG which uses flat solar collectors for each individual thermopile within the STG, 
a compact STG that uses a single solar concentrator for all of the thermopiles 
within the STG and a STG design that utilizes individual solar concentrators for 
each thermopile within the STG. Although the bulk of the present study hcs been 
devoted to these three STG designs, a fourth design hos also been considered, 
although in not os great a detail as the three designs Just mentioned. The fourth 
STG design considers a cylindrical thermoelectric generator which obtains Its 
heat by means of a centrally located heat pipe thot is attached to a solar concentrator. 
Whereas the results of the design analyses on the first three STG designs are pre- 
sented in detail, consideration of the lest mentioned design Is somewhat cursory. 


A. Flat-Ploie STG Design 

Using the equations given in Section II A, porametric analyses 
were conducted on the flat-plate STG. The parametric analyses were 
conducted with respect to the solar collector area of the STG, Individual 
thermoelement cross-sectional area and thermoelement length. The 
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opHmizaHon to each case »s the specific power (watts per 

pound) of a STG thot produces 300 watts of electrical power at a load 
voltage of 32 volts, Eoch optimization parameter is varied indepen-- 
dently^ with the overall optimization occomplished in o step wise pro- 
cedure* In other words^ volues ore assumed initiclly for tfiormoelement 
length and cross-sectional area and the collector area is optimized 
for these values. Maintaining the collector area at its optimized value, 
the individual theimoelement cross-sectionol area is then varied ocross 
a range of values. The crcss-sectronal area thot yields the highest 
value of specific power for the STG is then selected and subsequent 
analyses maintain thermoelement cross-sectional orea at that value. 

With the solar collector area end thermoelement cross-sectional area 
maintained at their optimized values, the tliermoeloment length is 
varied in order to determine Its optimum value. After this last optimi- 
zation step/ the STG is considered to have been optimized and the 
design that uses the thus optimized values of collector area, thermoelement 
cross-sectional area and thermoelement length represent the optimized 
design* It should be noted that a variety of ether poicmcters of the STG 
could also be varied in an even more regorous optimization procedure* 
This has not been done because most of the ether parameters con- 
tribute less to the optimizotlon of STG design thon the three parameters 
here considered. It should be noted that prior to the final optimization 
procedure, some cnolyses were conducted with respect to the number of 
thermopiles to be used within the STG. Inasmuch os overall STG weight 
is only slightly dependent on the number of theniiopiles, this number 
wos fixed at 100 for the final optimization. It should also be mentioned 
that the obsorptivity and cmissivlty characteristics of the hot and cold 
side heat exchangers of the STG have a drastic effect on overall STG 
size and weight. The oli^scrptivlty and emissivity values used in the 
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present study, 0.85 and 0.10 for the hot side heat exchanger and 0.10 
and 0,85 for the cold side lieat exchanger, represent the most optimistic 
values that can be folrly conveniently obtained In practice. These 
values also result In the smallest and lowest v^^elght STG design. 

The cptimlzction of the flct-plate type STG Is illustrated in Figures 
6 to 8 In terms of plots of STG specific power as a function of total 
solar collector area. Individual thermoelement cross-sectional area 
and thermoelement length. All of the points on each plot in Figures 
6 to 8 pertain to a STG power output of 300 v/atts at a load voltage 
of 32 volts, v/ith the STG directly facing the sun at a distance of 0.45 AU 
from It, It IS noted in Figure 6 that the specific pov/er maximizes for 
a total solar collector area of about 100 cm^ per thermopile. Assuming 



the STG to possess a square configuration, this orea corresponds to a 
pane! having a side width of about 84,4 Inches, The total thickness 
of the STG is less than one inch. The optimization of STG with respect 
to thermoelement cross-sectional area in Figure 7 Indicates that optimum 

”3 

thermoelement cross-sectional area is approximately 1 ,0 x 10 square 
centimeters. Inasmuch as this very volue was used in the collector area 
optimizotion show^n in Figure 6, it Is noted that the optimum specific 
power in Figures 6 end 7 is essenticlly Identical, Figure 8 shows STG 
specific pcvi^er as o function of thermoelement length. It is noted that 
STG weight Is a minimum for a thermoelement length of about 0.8 centimeter* 
Inasmuch ns a thermoelement length of 1 *0 centimeter was used in the 
optimizotion depicted by Figures 6 and 7, it is noted that fixing of 
thermoelement length at 0.8 centimeter results In a slight weight saving 
or higher value of specific power than the value obtained In Figures 6 and 7, 
The results of the optimization of the flat-plate STG have been 
transloted into a reference design for operotion at a distance of 0.45 AU 





from the sun. The performonce and configurational pararr.eters of the 
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resullanf STG design are summorized in Table 1 . It must be emphasized 
that the performance values given for the flat-plate lype reference 
design STG in Table 1 only pertain to the operation of the STG at a 
distance of 0.45 AU from the sun. At other distances from the sun, 
the STG performance considerably differs from that at 0,45 AU from the 
sun. This Is illustrated in Table 2 in terms of the peak pov/er output, 
load voltage at peak power, power output at 32 volts and the hot and 
cold side temperatures of the reference design STG as a function of the 
distance from the sun. It is noted in Table 2 that although the STG 
produces 300 watts of electrical pow'er at Its designed distance of 
0-45 AU from the sun, at other distances from the sun, the power 
output is considerably different. For example, upon leaving the 
Earth, the STG produces only some 20 watts of electrical pxDwer, 

As the STG opproaches the sun, this value rapidly increases until 
at its closest approach to the sun, 0-30 AU from the sun. It produces 
In excess of 900 watts of electrical power. A similar observation con 
be made In regard to tlie load voltage at peak power output of the STG. 
The temperatures of the STG are also significantly dependent on the 
distance of the STG from the sun. Upon leaving the Earth, the hot and 
cold side temperatures of the STG are both between 100 and 200°C , 

At the design distance of 0.45 AU from the sun, the hot side temperature 
of the STG has risen to about 470°C, while the cold side temperature 
is about 270°C . At its closest approach to the sun^ these tv/o temperatures 
have risen to in excess of 700 and 350*^C^ respectively* it should be noted 
that all of the performance and temperature values shown in Table 2 assume 
that the STG faces the sun directly* It is of Interest, therefore^ that 
even at its closest approach to the sun, the STG operates at temperatures 
significantly belov/ the maximum permissible temperatures of silicon- 
germanium alloy thermoelectric technology It is considered that this 
fact provides a considerable reliability margin to a flat-plate STG* 
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TABLE1_ 

Flat-Plate STG Dimensions ond Perform once 


Number of Tbermocouples per Tbetmoplle 

Number of Theriiiopiles per Gt?nerotor 41 ‘ 

Thermoelement Side Width - mils 12,4 

Thermoelement Length - cm 0,8 

STG Surface Area - square feet 53.4 

STG Side length - inches 87.7 

STG Thickness - inch 0.45 

STG Weight - pounds 114.7 

Optimum Specific Power* - watts per pound 2.64 

Optimum Power per Unit Area* - wotls per square foot 5,65 

Power Output* - watts 300.0 

Load Voltage* - volts 32,0 

Collector Temperature* - Centigrade 470.5 

Radiator Temperature* - Centigrade 273.0 


All Performance Values pertain to STG operation 
at a distance of 0.45 AU from the sun with the 
STG directly facing the sun. 
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TABLE 2 

Flat-Plafe STG PerFormance* As a Funcfion Of Its Distance From The Sun 



Distance 

Collector 

Radiator 

Peak Power 

Voltage at 

Pov/er Output 

Optimum 

Optimum 

From Sun 

Temperature 

Temperature 

Output 

Peak Pov/er 

at 32 Volts 

Specific Power 

Area Pov/er 

AU 


°C 

V/atts 

volts 

v/atts 

watts/lb 

v/atts/ft^ 

1.00 

157.8 

107.5 

19,6 

7.4 


0.17 

0.37 

0,70 

272.3 

176.9 

70.7 

14.1 


0.62 

1.32 

0.50 

416.7 

249.4 

216.8 

24.8 

198.8 

1.89 

4.05 

0.45 

470.5 

273.0 

302.5 

29.3 

300.0 

2.64 

5.65 

0.40 ■ 

535.5 

299.8 

430.6 

35.0 

427.4 

3.75 

8.05 

0.35 

615.6 

330.5 

630.2 

42.3 

592.6 

5.49 

11.78 

0.30 

716.4 

366.0 

951.9 

52.1 

810.3 

8.30 

17,79 

0.25 

846.9 

407.9 

1494.6 

65.2 

1107.5 

13.03 

27.94 

0.20 

1022.7 

458.9 

2464.2 

83.7 

1524.7 

21 ,49 

46.06 



Optimized for STG operation at a distance of 0,45 AU 
from the sun; all volues pertain to a STG orientation 
in v/hich the STG directly faces the sun. 









l^s only drawback is the relatively low specific power of between 2.5 
and 3.0 watts per |x>und. Finally, in order to obtain the calculated 
performance of the STG, It is obvious thot the STG must always be 
aimed directly at the sun. For this reason, if use is made of a flat- 
plate t)'pc STG, it will be necessary to also make use of a sun sensor that 
maintains the orientation of the STG in such a way that it always points 
to the sun. 

From the perfomiance figures shown In Table 2, it is apparent that 
the flat-plate STG will produce considerably in excess of its design power 
throughout much of Its mission. This, however. Is quite acceptable 
because nearly half of Its mission time is spent behind the planet Mercury 
and during that portion of its mission, the STG will produce very little 
electrical power*. Inasmuch as the spacecraft power requirement 
quite likely remains relatively constant at the design power value, the 
excess power produced by the STG during its mission can be used to 
keep storage batteries charged so that the storage batteries can be used 
to power the spacecraft while it is eclipsed by the planet during each 
of its orbits. If the STG produces excess power even after spacecroft 
and storage battery requirements are met, it Is possible to dump such 
excess by means of a shunt. Moreover, by operating the STG at the 
fixed voltage of 32 volts, the power production of the STG will be main- 
tained relotively fixed at the 300 watt power output level. In fact, 
if this is done, and it is also necessary to obtain power for storage batteries 
it will be necessar)' to Increase the size of the STG, Whatever course is 
actively followed depends on the detailed power requirement profile of 
the mission and the type of power storage used by the spacecraft. 


* The dynomics of STG perfonnance within any given orbit 
of Mercury are discussed in Section V, 
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Tlic configuration of the reference design STG is illustrated in 
Figure 9 in terms of tlie cross-scction of a unit cell of the STG. The 
dimensions of the STG components shown In Figure 9 are in their proper 
proportion, although all dimensions have been scaled. 

B. Compact STG Design With Single Concentrator 

Using the mathematical model discussed in Section 11 B, parametric 
design analyses were conducted for the compact STG design that utilizes 
a single solar concentrator. Just os in the case of the flat-plate STG, 
the assumption was made that the compact STG with a single solar con- 
centrator of the STG always directly faces the sun. Similarly, the design 
calculations have been performed for the STG operating at □ distance 
of 0.45 AU from the sun, the Farthest distance from the sun attained by 
the STG while orbiting the planet Mercury. Additionally, the assumption 
that the hot and cold side heat exchangers possess absorptivity and emls- 
sivity values identical to those ossumed for the flat-plate STG has also 
been made. The solar concentrator has been assumed to possess perfect 
reflectivity. 

The optimization procedure involves optimization with respect to 
thermopile hot side operating temperature, the temperature difference 
across the thermopile and the thickness of the solar concentrator. The 
reason for detailed optimization with respect to the thickness of the 
solar concentrator is that it was found that it is the solar concentrator 
♦ that contributes the bulk of the weight of the STG. Assuming the solar 
concentrator and the radiator to be made of ber)'IIium and maintaining 
the concentrator thickness at 0.25 inch, it was found that STG specific 
power does not possess an optimum for operating temperatures up to 1000*^0 
the specific power increases as a functioli of increasing hot side operating 
tempeioture . This is illustrated In Figure 10 inteims of a plot of SI G 
specific power as a function of STG hot side temperature. The reason 
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that the optimization procedure has not been taken beyond the hot side 
operating of 1000°C is that it is this temperature that is considered the 
maximum operating temperature for silicon-germanium alloy thermo- 
piles in reliable long life operation. It is noted in Figure 10 that the 
specific power values possessed by the STG are considerably higher 
than those determined for the flat-plate STG in the preceeding section. 

Still assuming that the solar concentrator possesses a thickness of 
0.25 inch;, the optimization of STG specific power as a function of the 
temperature difference across Individual thermopiles within the STG 
is shown in Figure 11 . Figure 1 1 shows a plot of STG specific power 
as a function of the temperature difference across the STG for the fixed 
hot side operating temperature of 1000°C. It Is noted thot the specific 
power values obtained by the variation of the temperature difference 
across the STG are somewhat higher than those determined by the variation 
of hot side operating temperature in Figure 10. The reason for this is 
that the latter optimization assumed the fixed temperature difference 
of 550°C across the STG. As seen In Figure 11, STG specific pcv/er 
actually optimizes for the temperature difference of nearly 650°C. 

As already mentioned, inasmuch as the bulk of the weight of the compact 
STG with a single concentrator resides within the concentrator/, the 
final optimization for this type of a STG was performed v/ith respect 
to concentrator thickness. Figure 12 shows STG specific power as a 
function of the temperature difference across the STG for different values 
of concentrator thickness. In all cases. It has been ossumed that the 
STG operates at a hot side temperature of 1000°C. It is noted In Figure 12 
that STG specific power has a considerable dependence on the thickness 
of the solar concentrator. This is in keeping with the finding that the 
bulk of the STG Vi'eight resides within the concentrator. In fact, it is 
noted that a four-fold reduction in concentrator thickness to one-sixteenth 
Inch results in more than doubling the specific power of the STG. It 
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is believed that a concentrator thickness of one-sixteenth inch Is quite 
practicable from the standpoint of the ilgidily ond stjength of t’no con- 
centrator. It is also noted in Figuie 12 that the reduction of coticen- 
Irator thickness is accompanied by a decrease In the temperature dif- 
ference across the thermopiles within the STG that results in optimum 
specific power. With a solor concentrator having a thickness of one- 
sixteenth Inch, the optimum specific power of the STG occurs at a 
temperature difference of about 550°C . At that temperature difference, 
the STG possesses a specific power of about 11 to 12 watts per pound, 
it is conceivable that an even higher value of specific power is possible 
if the concentrator does not possess a uniform thickness, but rather is 
constructed with o rib-type structure that has a very thin reflector cttoched 
to it. It must be emphasized that the detailed solar concentrator design 
is beyond the scope of the present study and therefore has not been in- 
cluded in the present treatment. 

The detailed performance and configurational charocterlstics of the 
compact STG design derived from the parametric analyses Illustrated 
by the data in Figures 10 to 12 are summarized In Table 3. It Is ncfed 
that all of the performance values given In Tcble 3 pertain to STG 
operation ot a distance of 0.45 AU from the sun, with the STG directly 
pointed at the sun. Inasmuch as closer approaches to the sun, such 
as those experienced by the STG during much of its mission time around 
Mercury, result In an increased incident solar flux, the hot side of the 
STG will heat to temperatures higher than 1000*^C if the STG is main- 
tained in a position directly pointing to the sun. Because the silicon- 
germanium alloy technology contemplated for use on the STG possesses 
a maximum temperature capability of lOOO^C in long temi operation, 
it will be necessary to tilt the STG with respect to the sun to keep it 
from overheating. This means that only at its farthest distance from 
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Compact' STG Dimensions ond Performance 


Number of Thermocouples per Thermopile 339 

Number of Thermopiles per Generator 400 

Thermoelement Side Width - mils 9-4 

Thermoelement Length - cm 1 ,0 

Concentrator Cross-sectional Area - square feet 10,67 

Concentrator Diameter - inches ' 44.23 

Concentrator Height - inches 40.95 

STG Weight - pounds 26.31 

Specific Power* - watts per pound 1 1 ,40 

Power per Unit Collector Area* - watts per square foot 28.12 

Power Output* - watts 300.0 

Load Voltage* - volts 32.0 

Generator Hot Side Temperature* - Centigrade 1000 

Radiator Temperature* - Centigrade 422 


* All performance values pertain to STG operation at a 
distance of 0.45 AD from the sun and will remain 
constant at closer distances to the sun if STG is tilted 
(see Table 4). 



the sun, at 0.45 AU, will the STG directly face the sun. At oil other 
points In the orbit of Mercury around the sun, the STG will be tilted 
in such a way that the tilt angle increases with decreasing distance 
from the sun. Table 4 summarizes the tilt ongles necessary to maintain 
the STG at the hot face temperature of lOOO^^C at all distances from the 
sun during its orbit around Mercury. IF the STG operating temperatures 
are thus maintained at fixed values throughout Its intended mission, 
it is obvious that the performance of the STG will also remain constant. 

In view of this. It will be necessary to overdesign the STG in order that 
not only adequate power be available to the spacecraft directly from 
the STG but also in order that power be available for maintaining adequate 
charge In the storage batteries that are used during the eclipse portions 
of each spacecraft orbit around Mercury. 

A comparison of the performance and configurational dota for the 
flat-plate and compact STG indicates that the latter type STG possesses 
a considerably higher specific power, , and hence, a considerably 
lower total weight, than the former type STG. Although this is certainly 
true, the margin of weight difference reflected by the numbers in Tables 
1 and 3 Is somewhot excessive because the flat-plate STG produces 
considerable excess power during most of the mission, while the compact 
STG produces the design power throughout. As already stated, in the 
actual mission. It will therefore be necessary to Increase the size of 
the compact STG tn order that excess power for battery storage be avail- 
able. This, of course, Increases overall STG weight and reduces the 
effective specific power of the compact STG. By the some token, it 
may be possible to reduce the size of the flat-plate STG because of 
the considerable amount of excess power it produces during most of its 
mission time. This, of course, results In the two types of STG being 
closer in size and weight than the numbers in Tables 1 and 3 indicate. 
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Even with this being the case^ It is noveitheless true that the compact 
STG will In all cases possess a lower weight than the flat-plate STG. 

The primary reason for this is the considerably smaller reradlatlon surface 
area of the hot face of the compact STG os compared to the hot face 
of the fjot-plole STG and the consequent ability to operate tlie former 
STG at the maximum peimisstble operating temperature of the sillcon- 
geimanlum alloy technology; the latter STG in all cases operates con- 
siderably below that temperature, os can be seen In Table 2. 

Inasmuch os the use of a solar concentrotor Is clearly beneficial 
to the overall performance and weight of a STG It was decided that 
the most advantageous STG configuration of all might be one that combines 
some features of both the flat-plate and the compact STGs. Nomely, 
the utilization of Individual miniature solar concentratoi-s for each thermo- 
pile In place of the flat solar collectors used In the flat-plate STG 
design would enable the retention of the ottractive Features of a com- 
pact STG In a panel-like conflgurotion. A ponel-Iike configuration 
of course offers an advantage over the compact typo STG configuration 
in Its ability to be stored during transit from forth to Mercury and eose 
of deployment upon Iniectlon Into Mercury orbit. A STG that utilizes 
Individual solar concentrator's In a panel-Hke configuration will bo 
coribidered In terms of performance and configuration In the next section. 

C. Panol-llke STG Design With Multiple Solar Co ncentrotors 

In view of the flndli>gs of the porametric analyses performed on the 
flat-plate and compact STGs, It wos concluded at the end of the pre- 
ceedlng section that conceivably a STG design of conslderoble Interest 
would be one that combines certain features of both of the other des’gns. 
This design Is similar to the flat-piale STG design in that the thermo- 
pMos are uniformly distributed across one face of the radiator, with 


thermal insulation separating the individual thermopiles. In place 
of the fiat solar collector attached to each '.hermopi lo;. however, this 
design concept makes use of miniature solar concentrators. These con- 
centrators have the very same configuration as the solar concentrator 
assumed for the compact STG design, except that each concentrator is 
scaled to the heat input requirements of each individual thermopile; 
there are, therefore, as many miniature solar concentrators as there 
are thermopiles v/ithin the STG, The attachment of each concentrator 
to its respective thermopile is very likely metallurgical. 

Parametric design analyses on the distributed STG design that utilizes 
individual solar concentrators for each thermopile were conducted by 
using the mathematical model discussed In Section 11 C. As noted in 
Section II C, the mathematical model Is very similar to that used for the 
compact STG design discussed in Section 11 B. The parametric analyses 
essentially confirm the belief that the distributed STG design combines 
the best features of both the flat-plate and ihe compact designs and, 
in fact, results in the highest values of specific power of any of the 
three different designs. The design calculations on the distributed STG 
are more conservative than those made for the compact STG because 
although it is assumed that the solar concentrators possess perfect reflectivity, 
the thermopile hot faces are assigned absorptivity values of 0.50 and emis- 
sivity values of 0.50. The radiator is assumed to possess an emissivity of 
0.85 and an absorptivity of 0.10. It Is also assumed that Individual solar 
concentrators represent truncated cones having the same relative dimensions, 
in a scaled-down version, as the single solar concentrator used in the 
compact STG design. Furthermore, it is assumed that Min-K 2020 thermal 
insulation separates the individual thermopiles within the STG. The 
thermopiles are the mult-thermoelement monollthtc-iype structures previously 
discussed, i.e. each thermopile produces the load voltage of 32 voll^ 



directly, Bolh the solar concenlralor and fhe radlaior are assumed to bo 
constructed of beryllium. The solar concenlralor Is assumed to possess 
a thickness of 0,010 Inch, It should be noled that even though this Is 
a very small thickness^ In t!ic small sizes onticipaled for ihe individual 
solar concentrator, it Is believed that the concentrator possesses adequate 
rigidily and strength characieristics to withstand any environmental loading 
that it may be subjected lo during launch, transit to Mercury and deploy- 
ment in Mercury orbit. If it is decided that berylitum Is not suitable 
for the concentrator, it can bo easily replaced with a concentrator made 
of some other metal. For example, tungsten or molybdenum would be 
suitable materials for that purpose. It Is recognized, of course, that 
any replacement of beryllium as the solar concentrator material would 
result in a somewhat heavier concentrator because beryllium possesses 
a lower density than any of the other materials that might be contemplated 
for use* Inasmuch as in the distributed STG design the solar concentrator 
weight is actually very small, the c ^erall effect on the specific power 
of the STG will be only nominal, vdth the STG weight increasing slightly 
and the specific power decreasing accordingly* 

The parametric design analyses on the distributed-type STG were 
conducted as a function of STG hot side temperature, the temperature 
differentiol across each thennopile within the STG and the operating 
distonce of the STG from the sun* In all cases it was assumed that the 
STG faces the sun directly. As noted In connection with the compact 
STG design, if over--temperaturing of the STG should present a problem 
upon closer approaches to the sun than the design distance, it is possible 
to tilt the STG in order to reduce the incident solar flux impinging 
upon it. Figures 13 to 15 show plols of STG specific power as a function 
of the temperature differential across individual thermopiles within the 
STG for different values of operating distance from the sun. Figure 13 
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shows STG operation at a hot side lemperolure of 800°C. Figures 
14 and 15 sliow performance at liot side operating temperatures of 900 
and 1 000°C . It is noted in Figures 13 io 15 that the specific power 
increases with decreasing distance from the sun, as is to be expected. 

It Is also noted that for each hot side operating temperature end operating 
distance from the sun specific power maximizes for a very definite value 
of temperature differential across the thermopiles within the STG. 

At any given operating hot side temperature the closer the STG is to 
the sun, the lower is the temperature differential across the thermopiles 
at which optimum specific power occurs. On the other hand^. os the hot 
side operating temperature of the STG increases, the temperature differ- 
ential at which the optimum specific power occurs Increases towards 
higher values. Similarly, the specific power of the STG increases with 
increasing hot side operating temperature. An inspection of Figure 15 
reveals that specific power values for a STG hot side operating temper- 
ature of 1000°C are considerably higher than those previously found for 
either the flat-plate or the compact STG designs. For example, operating 
at a distance of 0.45 AU from the sun, ihe STG possesses an optimum 
specific power In excess of 22 watts per pound. 

It is of interest to cross-plot the results of the porametric design 
analyses on the distributed STG design that uses multiple solar concentrators. 
This has been done in Figures 16 to 18 for the optimum specific power 
point on each of the curves shown in Figures 1 3 to 15. Figure 16 shows 
plots of optimum specific power os a function of STG operating distance 
from the sun at three different values of hot side operating temperature, 
namely, 800, 900 and 1000°C, As is to be expected, it is noted in 
Figure 16 that STG specific power increases with increasing hot side 
operating temperature and decreases with Increasing distance from the 
sun. Figure 17 shows plots of STG cold side operating temperature 
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a|- its optimum specific power point os o function of distance from the sun 
for the some three hot side opetoiing temperatures displayed in Figure 16. 

It is noted in Figure 17 that STG cold side operating femperoture is 
proportional to its hot side operating temperatuie. It is also noted 
that the STG cold operating temperature that corie.‘nonds to optimum 
specific power decreases with increasing distance from the sun. Finally, 

Figure 18 shows plots of STG side width, assuming the STG to possess 
a square cross-section, as a function of distance from the sun at different 
hot side operoting temperatures; tfie data in Figure 18 again pertain to optimum 
specific power of the STG. 

Just as in the cases of the flat-plate and compoct STGs, all of the 
data shown in Figures 13 to 18 pertain to a STG power output of 300 
watts at a load voltage of 32 volts. Also, os in the previous cases, the 
STG design selected for the distrlbuted-type STG has been optimized 
for operation at a distance of 0.45 AU from the sun. This represents 
the farthest distance attained by the STG from the sun during its orbital 
mission around Mercury. As previously stated, the hot side operating 
temperature of the STG increases os the STG approaches the sun and 
therefore if the design operating hot side temperature at 0.45 AU is 
maximized, as it is done here, the STG must be tilted at all points in 
the orbit of Mercury except when Mercury is at its farthest distance 
from the sun. The maximized hot side operating temperature assumed 
for the STG is 1000°C. As can be seen in Figure 16, this hot side op- 
erating temperature corresponds to an optimum specific power of about 
22 watts per pound at a STG operating distance of 0,45 AU from the sun. 

The selected distributed-type STG design Is summarized in tern s of 
configurational and performance parameters in Table 5. The operating 
and performance data In Table 5 correspond to STG operation at 0.45 AU 
from the sun and these data remain constant at closer approaches to 
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T ABLE 5 

Distributed STG Dimensions and Performance 


Number of Thermocouples per Thermopile 

388 

Number of Thermopiles per Generator 

144 

Thermoelement Side Width - mih 

14.6 

Thermoelement Length - cm 

1.0 

Individual Concentrator Diameter Inches 

5.27 

Individual Concentrator Height - inches 

4.88 

STG Cross-sectionol Area square feet* 

27.73 

STG Height - inches 

5.41 

STG Weight - pounds 

13.53 

Specific Power * - watts per pound 

22,17 

Power per Unit Area - watts per square foot 

10.82 

Power Output* - watts 

300.0 

Load Voltage* - volts 

32.0 

STG Hot Side Temperature* - Centigrade 

1000 

Radiator Temperature* - Centigrade 

422 


Ail performance values pertain to STG operation at a 
t I distance of 0.45 AU from the sun and will remain 

: ' constant at closer distances to the sun if STG Is tilted 

■; j (see Table 4 ). 
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the sun if the STG is tilted according to the tilt angles given in the pre- 
ceeding section in Table 4. It is noted that the STG produces its desig- 
nated output only v/hile It is exposed to the solar heat flux. Inasmuch 
as approximately one-half of its operation occurs in an operating mode 
in which the STG is eclipsed by the planet Mercury^ it is very likely 
necessary to upscale the size of the STG If the STG is to provide power 
for storage batteries in addition to providing power for the operation 
of the spacecraft while it is not in eclipse. Therefore, the configurational 
parameters shown In Table 5, just as those shown in Table 3 for the com- 
pact STG, are quite likely conservative. In fact, if it Is assumed that 
In the non-eclipse mode of operation the STG produces twice its required 
power, one-half of It being directly used by the spacecraft and one-half 
being used to charge the storage batteries, the total size, i.e. the cross- 
sectional area, of the STG will be double that shown in Table 5. 

Of course, the STG may be optimized for an operating distance from 
the sun other than 0.45 AU or for an operating temperature that is less 
than 1000°C at 0,45 AU in order that the STG produce more power at 
.distances In-between its closest and farthest approach from the sun. 

In this way. It will be possible to attain a STG design that is even more 
optimum than a design that is based on simply increasing the size of the 
STG reflected by the configurational parameters in Table 5. Although 
this has not been done here, it must be considered prior to a final STG 
design selection. The design given in Table 5 Is representative and is 
directly comparable to the compact STG design given in Table 3. 

The distributed-type STG is schematically illustrated in Figure 19. 

As it is shown in the figure, it corresponds to the design specified in 
Table 5. The STG consists of 144 thermopiles In a twelve by twelve array, 
Each thermopile Is affixed on its cold side to the radiator of the STG. 
Min-K 2020 thermal insulation separates the thermopiles. Individual 







truncaled cone conrigura1{?d solar conceniroiors are allached to the 
hot side of each thermopile. It should be noted that even though the 
radiator of the STG In Figure 19 is shown to be the same size as the total 
array of sIde-by-sIde comcentrators, the ladlatlon area needed to reject 
the heat according to the specific design is actually smaller than this 
area. This means that the radiator of the STG actually consists of a 
frame into which are fitted unit STG cells consisting of the solar con- 
centrator^ thermopile and radiator section. The various rod iotor sections 
of the unit cells do not completely fill the frame. For this reoson, 
the total radiating surface of the STG is actually smaller than the size 
of the STG as defined by the twelve by twelve array of solar concen- 
trators. in other words a direct view of the cold side of the STG shows 
the total area to be partially filled with unit radiator sections. Individual 
unit radiator sections are separated from each other, being Interconnected 
by the frame structure, such that the Min-K 2020 thermal Insulation 
is directly visible in-between the various sections. 

Inasmuch as the STG design specified in Table 5 pertains to a STG 
that has been optimized for operation ot c distance of 0-45 AU from 
the sun, it is of Interest to consider the performance of this design at 
other distances from the sun. As already stated, as the STG approaches 
the sun more closely, it tends to heat up and consequently provide 
greater performance. Because the optimized design at 0.45 AU pertains 
to STG hot side operating temperature of 1000°C, a closer approach 
to the sun would result in higher operating temperatures and therefore 
the STG must be lilted with respect to the sun if it is to be kept from 
overheating. As a consequence, STG performance and operating temp- 
eratures will remain constant as the STG approaches the sun more closely 
than 0.45 AU, Table 6 shows values of STG performance and temperatures 
if the STG operates in a mode in which it always directly faces the sun. 
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For this reason it Is seen that performance atd operating temperature 
values at distances closer to the sun than 0.-^-5 AU exceed those calculated 
for it at 0.45 AU. The performance and operating temperature of the 
STG rapidly decrease as the distance from the sun Increases to values 
beyond 0.45 AU and. In fact, at a distance of 1 .0 AU these values 
are considerably less than the design values i It Is obvious that the 
STG does not provide adequate power between the time of its launch 
from Earth and the time that It arrives at Mercury. It is suggested that 
during that time period use be made of storage batteries or solar cells 
for spacecraft power needs. Upon injection of the spacecraft into 
Mercury orbit, all of the power needs can be satisfied by the STG. 

This is especially true if the STG Is tilted such that at all times in Mercury 
orbit It provides a fixed amount of power output. Inasmuch as the STG 
produces power only during the time that it faces the sun, approximately 
half of each of its orbits around Mercury, it will be necessary to increase 
the overall size of the STG In order that the storage batteries be charged 
while the STG faces the sun. It is the storage batteries that provide 
the total spacecraft power during the times that the spacecraft is eclipsed 
by the planet. Even though the data In Tables 5 and 6 pertain to a 
300 watt electrical pov/er output of the STG, it is completely valid to 
linearly upscale the STG design for any power need that not only satisfies 
spacecraft requirements, but also enables the maintenance of the storage 
batteries In a fully charged condition. For example, if it is decided 
that this can only be accomplished by having the STG produce twice 
the stated amount of pow'er during the time that it faces the sun, then 
the overall STG size doubles, including its weight. As a result it is 
a simple matter to generalize the results given for the distributed STG 
design in this section to any performance or operating requirements. 

This, of course, is also true of the flat-plate and compact STG designs 
discussed in the preceeding sections. 
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D. Cylindrical STG With Single Concenirator 


Although most of the effort on the present study wos devoted to the 
design and performance analysis of the three STG designs discussed 
in the preceeding sections of this part of the report an additional STG 
design concept was investigated in somewhat more than just a cavalier 
fashion. This STG design concept pertains to a configuration that is 
very similar to most radioisotope thermoelectric generator configurations. 
Namely^ the thermopiles within the STG are enclosed in a cylindrical 
outer case, with the cold ends of the thermopiles in intimate contact 
with the outer case. The hot ends of the thermopiles are located around 
a centra! heat source, which provides heat to the themiopiles either 
by direct conduction or by radiation. Whereas the central heat source 
in a radioisotope thermoelectric generator is a radioisotope fuel capsule, 
in ilie present instance it is a heat pipe that receives its heat from the 
sun by means of a solar concentrator attached to one end of it. This 
means that the heat pipe penetrates the outer case and is mated to the 
solar concentrator outside the outer case. In the space between the 
solar concentralor and the outer case of the STG, the heat pipe is thermally 
Insulated to minimize heat losses. For the same reason, the space between 
individual thermopiles within the STG is also thermally insulated, as are 
the ends of the STG. Waste heat is radiated from the outer case of the 
STG directly into space. In order to enhance heat transfer from the 
outer case to the space environment, the STG outer case possesses radia- 
tion fins. In its most optimum mode of operation, the solar concentrator 
at one end of the STG directly faces the sun. This meons that the body 
of the STG is shielded from a direct view of the sun by the solar concen- 
trator, with a result that relatively little, if any, sunlight impinges on 
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the outer case of the STG. This, of course, is important in order to 
enhance the effectiveness of the STG; in olher words, the cold side 
heat exchanger, i.e. the outer case and radiation fins, ts only heated 
by heat that has passed through the heat pipe and the STG. If it be- 
comes necessary to tilt the STG, as It is in the cose of the other STG 
design concepts, then it may no longer be true that the cold side heat 
exchanger does not receive any direct heating from the sun. In order 
to minimize the effects of such occurances on the perfomiance of the 
STG, it is desireable to coat the outer case and the radiation fins 
of the STG with a low absorptance coating. Needless to say, the 
outer case and the radiation fins must in any case possess a high emis- 
sivlty coating In order to enhance the rejection of waste heat. The 
cylindrical STG design concept is schematically illustrated tn Figure 20. 
Figure 20 shows the outer case, with its radiation fins, and the solar 
concentrator of the STG interconnected by means of a heat pipe. 

Inasmuch os Figure 20 depicts c view of the outside of the STG, it is 
not apparent how the hot sides of the thermopiles are connected to the 
heat pipe heat source. It is envisioned that this will be accomplished 
by means of a sleeve that on Its inside exoctly fits the heat pipe and 
makes intimate contact with it. On its outer surface, the sleeve has 
a ploygonal cross-section. The hot faces of the thermopiles are impressed 
against the flat faces of the outer surface of the sleeve. The compres- 
sion of the thermopiles against the sleeve Is provided by spring assemblies 
at the cold side of the thermopiles. In using such a method, it Is of 
course important to also provide adequate thermal conductance between 
thermopile cold sides and the STG outer case. This can be accomplished 
either by using a spring-foilov/er type approach previously used in various 
thermoelectric generators or by making use of braided flexible conductors 
in between thermopile cold sides and the outer case. 
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The mafhema ileal model uKd to conduct potemeS 
the design of a cylindrical STG with single solar concentrator Is very 
similar to that used for the onalyses pertaining to the compact STG 
discussed In section II B. In fact, the only difference In the two math" 
emctical models is a geometric term that modifies the compact STG 
with its flat geometry into a cylindrical STG. The primary effect of 
this Is a reshaping of the thermal insulation, the addition of radiation 
fins to the radiator which has been folded Into a cylindrical configuration 
and the addition of the heat pipe that interconnects the solar concentra- 
tor and the hot sides of the thermopiles. The calculational sequence 
of the mathematical model, however, has not been altered. 

A number of parametric analyses were conducted with this model 
in order to derive a design of a cylindrical STG that can be directly 
compared to the designs previously developed for the other STG concepts. 

It should be mentioned, however, that the analytical procedure was 
not carried out as extensively for this STG design concept as It was for 
the other concepts. Nevertheless, it is felt that the design derived 
for the cylindricol STG represents an optimum and therefore can be directly 
compared to the other STG designs. The design thus derived pertains 
to STG operation at a distance of 0.45 AU from the sun. Essentially, 
the same assumptions as those made for the other STG designs were made 
for the physical characteristics of various STG components. For example, 
it was assumed that the solar concentrator possesses perfect reflectivity 
and that the cold side heat exchanger has an emissivity of 0.85 and 
a solar absorptivity of 0.10. The results of the parametric analyses 
Indicate that an optimum cylindrical STG design operates at a hot side 
temperature of 1000°C and a cold side temperature of about 450°C . 

The number of thermopiles within the STG is 144, just as it was in the 
case of the earlier STG designs. These thermopiles are arronged in 
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such a way that eight rows of 18 thermopiles arc located clicumferenclally 
around the polygonal Interface member surrounding the centre! ly located 
heat pipe. For a power output of 300 walls at a load voltoge of 32 
volts, the outer cose of the 5TG has a length of 11 .34 Inches, a diameter 
of 1 .61 inches and possesses eight radiation fins extending the length 
of the outer cose end having heights of about eight inches. This means 
that the overall radial extension of the body of the STG Is approximately 
18 inches. The solar concentrator possesses a diameter slightly less 
than 40 inches and has a height of almost the same numerical value, 

A gap of about 2.7 Inches separate the base of the solar concentrator 
from the body of the STG, this gap being spanned by one end of the heat 
pipe. The total height of the STG, including the cylindrical outer 
cose, the heat pipe extension and the solar concentrator, is about 54 inches. 

For purposes of calculation. It has been assumed that the heat pipe 
is mode of o refractory material such as tungsten. The ploygonal hot 
side heat exchanger within the STG Is assumed to be mode of molybdenum. 
The theiTnol insulation svithin the STG and surrounding the heat pipe 
outside the STG Is assumed to consist of Mln-K 2020. The STG outer 
case, the radiation fins and the solar concentrator are all assumed to be 
made of beryllium. Using these assumptions, it Is calculated that 
the total weight of the STG Is about 38 pounds. This means that the 
optimum specific power for the cylindrical STG In operation ct 0.45 AU 
Is about 7,89 watts per pound. It Is noted that a STG of this type ac- 
cordingly possesses a lower specific power than either a compact STG 
or a distributed STG with multiple solar concentrators. It does possess 
a slightly higher specflc power than the flat-plate STG. 

Although the specific power of the cylindrical STG with a single 
solar concentrator is lower than the specific power of either the compact 
or the distributed STGs, the cylindrical STG does present a few advantages. 
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cylindricol STG liave not been as complete and exhaustive as on the 
other types of STGs. For this reason, a STG of the cylindrical type 
should not be totally precluded from future consideration of STGs in near 


sun missions. 


E. Alternate Hot Side Heat Exchanger Design 

The STG designs considered on the present study hove utilized 
either solar concentrators or flat-plate collectors; the solar concen- 
trator design considered on the program is based on a truncated cone. 

Prior to the completion of the discussions on STG designs, it Is necessary 
to mention that another type of hot side heat exchanger can be considered. 
Namely, either a single solar concentrator or multiple solar concentrators 
can be replaced by Fresnel lens. A relatively large single solar con- 
centrator can be replaced by a Fresnel lens having the same extension 
in the plane perpendicular to the sun as the total cross-sectional area 
of the solar concentrator. The lens would be located such that it focuses 
the incident solar flux onto the total area of the thermoelectric generator. 
This means that the lens v.'ould be located ot a distance from the generator 
that is slightly either greater than or less than the focal length of the 
lens. In this way the total surface area of the generator would be 
relatively uniformly heated. 

Fresnel lens can also be used to replace the multiple concentrators 
of the distributed STG. In this case, the Fresnel lens can be either 
individual lens or can consist of a single large sheet with individual 
lens inscribed into it. Each lens will act as the hot side heat exchanger 
for a single thermopile within the STG. As with the compoct STG, 
the lens would be located such that the total cross-section of each 
thermopile is heated by Incident solar flux being concentrated by the 
lens. This means that the lens would be located at a distance from 
the thermopiles slightly other than the focal length of the lens. 
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Although the present study did not address itself to analyses on the 
weight of STGs that use Fresnel lens^ it may be postulated that STGs 
of that type would veiy likely possess weights of the same general order 
as STGs using solar concentrators. Possibly the main disadvantage of 
the use of Fresnel lens is the mechanism of mounting of the lens in such 
a way that proper heating of the thermopiles v,iithln the STG is alwoys 
possible. Misalignment or shifting of the lens at any time might make 
the whole STG inoperable. Of couise^ this is also true of a STG that 
uses a single solar concentrator; it is not, however, true of a distributed 
STG W'ith multiple concentrators. Another possible disadvantage of 
Fresnel lens as the hot side heat exchanger of STGs is the criticality 
of the alignment with the sun. Fresnel lens would be essentially inoperable 
if they are not at all times pointing directly to the sun. In other words, 
veiy likely the cosine law that can be applied to solar concentrators 
and flat-plate collectors does not apply to Fresnel lens. This presents 
a design problem because the STG cannot be designed to operate at its 
maximum permissible temperature at a distance of 0.45 AU and over- 
temperaturing prevented by the tilting of the STG on closer approaches 
to the sun. It will be necessary to design the STG to operate at its 
maximum permissible temperature at Its closest approach to the sun. 

This means that the STG must be overdesigned in order that adequate 
power be available at distances other than its closest distance to the 
sun. Finally, it Fresnel lens are used they will have to be fabricated 
from a material, such as quartz, that is capable of high temperature 
operation without the lens being distorted or even destroyed. 
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DVNAA>\IC STG PERFO R MANCE CHARACTERISTICS 

Various STG design concepfs were invesHgofed in the proceeding section. 
It was seen that the STG design that utilizes distributed thermopiles, with each 
thermopile having an individual solar concentrator, possesses the lowest weight 
and highest specific power. It also possesses o ponel-like configuration that en- 
ables its convenient storage and deployment during mission. For these reasons 
it is this STG design that has been selected as the recommended design for a STG 
intended for use in a Mercury orbiter mission. The characteristics of the selected 
STG design are detailed in Table 5 in Section IV. The STG performance data 
shown in that table pertain to STG operation at 0,45 AU from the sun, with the 
STG directly facing the sun. At closer distances to the sun, while still directly 
facing the sun, STG performance and operating temperatures will remain at the 
volues shown for 0.45 AU if the STG is tilted according to the tilt angels given 
in Toble 4 In Section IV, Of course, this presupposes the STG being exposed to 
direct sunlight during the whole time. In its intended mission, however, the STG 
will he orbiting the planet Mercury and therefore will be periodically shielded 
from the sun by the planet. Even though the planet itself emits radiation, the 
amount thus emitted is negligible to that emitted by the sun and during the eclipse 
portion of its orbit the STG can be considered, for all practical purposes, to receive 
no incident heat. Inasmuch as the spacecraft requires power not only during 
the times that it is without direct sunlight, but also while it is eclipsed by the 
planet, it is necessaiy to consider the effect of periodic eclipsing on the output 
of the STG. For this purpose, a mathematical model was adopted and utilized 
to calculate STG temperatures and performance as a function of time when it Is 
no longer receiving incident heat from the sun. 

The mathematical model used to perform time dependent analyses of 
STG temperatures and performance assumes a parol lelepipedal configuration with 
insulated sides. Only the two heat exchanger surfaces ore assumed to interact 
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wirii the environment. In fact^ at the moment that the STG i$ eclipsed by the 
planet Mercury, It Is assumed that both heat exchangers of the STG radiate freely 
Into the environment. At the moment of the start of eclipse, the STG Is ossumed 
to possess a linear temperature gradient betv/een its hot and cold faces. This 
temperature gradient, f(x), is defined In terms of STG cold side temperature, T^, 
the temperature difference, AT, across the STG and the thickness of the STG 
OS follows! 


f(x)= T^--» 


£ + x 


2A 


AT 


(45) 


where 2AIs the total thickness of the STG and x Indicates the location within the 
STG between -Xand +A Thus, the cold side heat exchanger of the STG is designated 
by x=-Xand the hot side heat exchanger by x=+A A second order partial dif- 
ferential equation In the space and time variables provides STG temperatures as 
a function of location within the STG as a function of time. The boundary con- 
ditions assumed for the solution of the differential equation pertain to radiative 
heat loss from the two heat exchangers; even the hot side heat exchanger loses 
heat during the eclipse mode of STG operation. Inasmuch as the differential equation 
is soluble in closed form only for linear boundary conditions, it is assumed that 
radiative heat loss can be represented by the so-called Newton's law of cooling. 

This law assumes heat transfer to occur proportionately to the product of the third 
power of temperature and the temperature difference between the cooling body 
and Its environment. Although this boundary condition will be applied to the case 
of the STG in a situation where relatively large temperature variations occur, 
it must be noted that it is strictly rigorous only when temperature variations are 
small. Nevertheless, the use of the boundary condition enables the solution of 
the problem and enables an approximate assessment of STG performance and temp- 
eratures as It enters the shade portion of its orbit around Mercury. The solution 
of the appropriate differential equation, along with the stated boundary conditions 
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where k is the ihermal conductivity. O' is the density and C is the specific heat 
of the panel . 

Substituting the temperature gradient, f(x), into Eq. (46) and solving 
for temperature, T, for x= -^and x=+ Ogives STG hot and cold side temperatures 
as a function of time. The difference of these temperatures as a function of time 
gives the temperature differentiai across the thermopiles within the STG. Utilizing 
this temperature differential, it Is possible to calculate the performance of the 
STG, such as power output and load voltage, as a function of time. This has been 
done for the distributed STG with multiple solar concentrators and results are dis- 
played in Table 7 in temis of the power output, the load voltage and the temp- 
erature differential acrors the thermopiles as a function of time; initial time pertains 
to the instant at which the STG becomes eclipsed by the planet. It is noted in 
Table 7 that the temperatures and performance of the STG rapidly decrease when 
the STG is no longer exposed to direct sunlight. Within some three to four minutes 
after entering shade, the STG performance has decreased to approximately one-half 
the value It possesses in direct sunlight. This means that during the eclipse portion 
of its orbit, the spacecraft cannot depend on the STG for electrical power 
and such power must be obtained from o storage battery that is recharged during 
the sunlit portion of the spacecraft orbit. Upon re-emergence from behind the 
planet, the STG rapidly heats and once again starts to provide electrical power. 

The STG heat-up curve, os concerns temperatures and performance Is a mirror image 
of the cool-down curve as represented by Table 7. This means that during each 
orbit, the STG provides nearly Its design performance for 45 minutes and very 
little performance during the remaining 45 minutes, if a storage battery is used 
to provide spacecraft power during the eclipse portion of each spacecraft orbit, 
the STG must be capable of providing twice its required performance during the 
portion it is in direct sunlight. This means that the STG design must be formu- 
lated for 600 watts rather than for 300 watts. If 300 watts are required to power 
the spacecraft. Total STG weight and size llierefore double over the values shown 






In Table 5 of Section IV, A tofoi power system weight analysis, must also con- 
sider the weight of the storage batteries. The actual specific power of the total 
power system is therefore considerably less than the value shown in Table 5. 

The above thermal calculations on the transient behavior of STG temp- 
eratures and performance Indicate that the total heat capacity of the STG Is rela- 
tively low. In other words, the STG Is incapable of maintaining heat and therefore 
Its performance while it is eclipsed by the planet, it is for this reason that the 
use of storage batteries in confunction with the STG must be considered for the 
overall spacecraft power system. As a part of the present study, another possibility 
was investigated. Namely, It was considered that possibly the total heat capacity 
of the STG could be Increased by the use of a high heat capacity molten salt bath 
located at the hot side of the STG. In other words, a molten salt bath, enclosed 
in a metal container, was considered to be placed in intimate thermal contact 
with the hot sides of the thermopiles within the STG; this is most conveniently 
done in the compact STG design in which all of the thermopiles are placed adjacent 
to each other. The face of the molten salt bath opposite to the one in contact 
with the thermopiles is envisioned to be directly heated by the solar concentrator. 

The sides of the molten salt bath are insulated such that heat enters from the con- 
centrator side of the bath and leaves through the thermopiles. Considering the 
heat capacities of various molten salts, it was found that various alkali metal hydrides 
possess the highest values of specific heat. By using the specific heat copacities 
and densities of typical alkali metal hydrides and by knowing the total heat requlre- 
menis of the STG as a function of its operating temperature difference, it is possible 
to write an equation for the specific power of the STG as a function of the amount 
of cooling that takes place upon the entry of the spacecraft into the shade portion 
of its orbit. Assuming a value of specific power of 22.17 watts per pound for the 
distributed STG design given in Table 5, and assuming that power output varies 
as the square of the temperature difference across the thermopiles, the following 
expression may be written for the specific power of the same STG If it uses molten 
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where ATj^ is the decreose in the temperature difference across the thermopiles. 

It is noted in Eq. (51)that the second term In the denominator represents the 
weight of the molten salt required to provide adequate heat to power flatten the 
STG if the molten salt is permitted to decrease by ATj^ in temperature during the 
shade portion of the orbit. It is seen that if the change In temperature is minimized 
to os small a value as possible, the weight of the molten salt rapidly increases. 

On the other hand, if the temperature Is permitted to considerably vary the STG 
itself rapidly increases in size In order that the required power output be maintained. 

A variation of ATj^ yields an optimum In terms of a specific power of the total 
power flattened STG. Table 8 shows the results of this optimization procedure. 

It is seen that a temperature variation of 125°C on a total initial temperature 
difference of 550°C results in the 1 owest weight system. As seen in Table 8^ 
unfortunately, however, the specific power of the optimum STG has decreased 
by on order of magnitude when compared to the STG without power flattening 
(See Table 5). What makes this result even more significant is the fact that the 
molten salt weight in Eq. (51)does not Include the weight of any structural or 
containment members required to contain the molten salt. This means that the specific 
power reduction will be even more drastic than is apparent In Table 8. For this 
reason, it is concluded that the use of a molten salt bath to power flatten STG 
performance is not realistic and severely penalizes total system w-eight. It is 
more realistic to consider the STG os defined in Table 5 and 1o use storage batteries 
for purposes of power flattening. If storage battery weight is appreciable, this 
conclusion may have to bo somewhat modified. In any case, however, it Is thought 
that the use of storage hntterics in coniunction with a distributed STG I'esults in 
a power conversion syslcn. of lowest weight and it is this kind of a sysit.-m that is 
therefore reeommended for the Mtucury orbiter mission- 
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SUMMARY 


The present study on the use of a STG In a Mercury orblter mission has 
addressed itself first to the selection of the most appropriate thermoelectric tech- 
nology, second to the selection of the most appropriate STG design configuration 
and third to the weight optimization and performance characterization of the finql 
STG design. This design has then been analyzed in terms of its steady state and 
dynamic performance In a Mercury orbit, both as regards a given orbit around 
Mercury as well as its performance ct different times while Mercury orbits the sun; 

4 

the latter consideration is of course Important because of Mercury's extremely, 
eccentric orbit that varies between 0,30 and 0.45 AU from the sun. 

The main conclusions of the present study may be summarized as follows: 

1 . The most appropriate theiTnoelectrlc technology applicable to STGs 
intended for use In space Is one based on silicon-germanium alloys. 

The use of this technology enables the design and fabrication of the 
lightest v.-eight and most reliable STG. 

2. The most appropriate STG design concept is based on one in which 
the individual fhennoplles are uniformly distributed over the radiator 
and in which the thermopiles are heated by individual solar concentra- 
tors. This design concept enables the fabrication of a STG that possesses 
a specific pov.'er In excess of 22 watts per pound when operating at a 
distance of 0.45 AU from the sun. Although an exhaustive investi- 
gation of various concentrators was not included In the study, it Is seen 
that a concentrator configured as a truncated cone lesults In an at- 
tractive STG design. Possible other concentrator configurations con 
only enhance the design. 

3. A STG in a Mercury orbit Is incapable of producing appreciable power 
while eclipsed by the planet. This means that power must bo stored 
during the time tlfc STG Is exposed to direct sunlight; it is this stored 



power that powers the spacecraft during the eclipse mode. This being 
the case, the STG must be designed for at least twice the spacecraft 
power requirement. While in direct sunlight, half of the power produced 
by the STG goes into storage; the STG Is directly exposed to the sun 
during essentially one-half of each of Its orbits around Mercury. 

STG energy storage must be performed electrically rather than thermally [ 

because it is the former mode of storage that enables very likely the I 

lowest overall system weight to be obtained. Thermal storage in terms : 

S 

•f 

of the use of various liquid metal baths penalizes total STG weight i 

by nearly a factor of ten. System weight Increases as a result of the f 

* 

use of chemical storage batteries is very likely considerably less* [ 

The state-of-the-art of sii Icon-germanium alloy technology is such | 

that a STG intended for space application in o near sun mission does I 

not require any special development, AW of the components required ! 

of the STG presently exist in a developed form* Although this is true^^ 
the optimum STG design concept herein selected has never been ossembled i 

or tested. | 

Additional design effort is recommended in the area of solar concentra- 

? 

tors In order that the most optimum concnetravor design be available 

I 

for a STG. The present study has been based on the use of a solar 

! 

concentrator configurated as a truncated cone; this configuration may 
not necessarily represent the most optimum concentrator shape. 

Assumptions pertaining to the absorptivity, reflectivity and emissivity • 

of the solar concentrator and the hot side of the thermoelectric generator | 

and/or thermopiles are based primarily on conjecture and therefore 

must be established In detail prior to a final STG design. The emis- i 

sivity and absorptivity values assumed for the radiator of the STG are 

considered reasonable and easily attainable. 
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VII. APPENDIX 


In order to illustrate the method used in the design of the various STGs 
considered by the present study^. sample calculations for typical flat-plate and 
compact STGs are given in this appendix. The equations underlying the sample 
calculoi! >ns hove been given in Section II and are not repeated here. 

The typical design calculation of the flat-plate STG includes Eqs. (1) 
to (12) in Section ti. As explained in that sec Ion, the calculational sequence is 
iterative and for purposes of illustration, the sample calculation has been iterated 
19 times. Most of the Input parameters are listed for the sample calculation, 
although material property values have not because those are generally temperature 
dependent variables that are 'ntroduced into the calculational sequence at the 
beginning of each Iteration; the values are selected on the basis of the tempera- 
tures calculated in the iteration preceeding the one for which the properties are 
input. It Is noted that in the flat-plate sample calculation all of the variables 
converge towards final values. It is also noted that convergence Is not complete 
after 19 Iterations, although the variation between parameters at that point Is 
relatively small. The calculation is generally continued until convergence is obtained 
within any arbitrarily predetermined convergence criterion. 

The sample calculation for the compact STG corresponds to Eqs. (22) 
to (43) in Section II. Unlike the flat-plate STG calculation, that for the compact 
STG is noniterative. For this reason, the calculation is complete after all of the 
parameters have been calculated once. As with the flat-plate STG calculations, 
some of the Input parameters used in the sample calculation of the compact STG 





are given. 





W=0.69136 




W ,=0,00508 
gi 



54.4 72.8 59.9 68.7 62.4 66.81 63.8 


.2i776.5i664.6i745.2 691.5 729.4 703.6 721 .61709.2 718.0 711 .9l716.3l713.1 1 715.31713. 81714. 8l7U.l 


Nd= ^|“X400=1347 


X x400=548 
65 . 00 ^ 32 . 00 ^^^^ 


_ 548 1347 icr 

400^ 400 10,000 46,155 


Equations (16) to (21) in Section II can be used to calculate the weight and specific power of the STG. 









































1 < < 


Compoc)' ST G 
Sample Colculation 


Input Parameters: 
c-io;85 

a-0.85 

Cc=O.IO 

T„=!273°K 

H 

W=0.691358 watt/ 
AT-550*^K 


N= 339.3 

1769.0 
5.6529x10“"^ 

A ,= 2.6737x10"'^ 

gl 

s = 2.3776x10'^ 

S^p= 0.75681 

H^p= 1.04826 

W^p= 1,6787 

W^= 671.48 

Sq= 15.1362 

A^= 229.105 

I^= 10.7143 

Qj^= 4263.14 

42.77 


Q. 




'r= 

Wp= 

^CS= 

's= 

Ws= 


W^--- 


125,00 

5453.90 

695.50 

4570.31 

67.604 

3325.44 

9913.12 

112.35 

41 .61 

I , 04826 
558.23 
104.02 
7380.07 

II, 935.22 


1272.99 


11 .403 



